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Abstract
In this thesis, the shear and self-adhesion nanomechanical properties between oppos-
ing cartilage aggrecan macromolecules were probed. In addition, nanoscale dynamic
oscillatory mechanical properties of cartilage and its type II collagen network was
measured.
Aggrecan shear nanomechanics was assessed via microcontact printing and lateral
force microscopy. Lateral force between aggrecan and the probe tip, and compression
of aggrecan was simultaneously measured in 0.001 - 1.0 M NaCl aqueous solutions.
Using the microsized tip (RPip - 2.5 pm) enabled a large assembly of - 103 aggre-
can molecules to interact simultaneously, closely mimicking the in vivo conditions.
Both electrostatic and nonelectrostatic components were identified to importantly
contribute to aggrecan shear. At near physiological IS (0.1 M), significant rate depen-
dence was observed, suggestive of visco/poroelastic interactions within the aggrecan
layer.
By using an aggrecan end-functionalized colloidal tip, shear of two opposing ag-
grecan layers was assessed in a similar fashion. Lower lateral force and a more marked
rate dependence were measured compared to the shear of a single layer, due to the
aggrecan inter-layer molecular interpenetration and the different local z-dependent
charge density distribution. The addition of Ca2+ , at physiological-like 2 mM concen-
tration, significantly affects cartilage shear by its electrostatic screening and binding
effects.
Marked aggrecan self-adhesion upon separation was discovered after static com-
pression in the presence of electrostatic repulsion in physiological-like conditions. Ag-
grecan self-adhesion increases as increasing equilibration time and bath IS. Molecular
origins of the adhesion, also present in vivo, include van der Waals, hydrogen bonding,
Ca2+-mediated bridging, and molecular entanglements between the glycosaminogly-
can branches of aggrecan. This self-adhesion could be an important factor in pro-
tecting cartilage matrix structural integrity and function via these energy-dissipative
mechanisms.
The nanoscale oscillatory dynamic deformation properties of both nontreated and
proteoglycan(PG)-depleted (left mostly type II collagen) calf knee cartilage disks
(- 0.5 mm thick) was measured by connecting an external electronic wave gener-
ator to the AFM. A significant increase in effective stiffness E and phase lag A
(deformation with respect to force) as increasing frequency for both disks suggests
poro/viscoelasticity are more critical at higher frequency. The PG-depleted disk
shows a more marked dependence of E and A on deformation amplitude - 2 - 100
nm, as the nanostructure and nanomechanical properties of porous collagen network
are more heterogeneous without the entrapment of aggrecan motif. A unique - 23
nm banding pattern along the type II collagen fibrils was observed, which may be
relative to the cartilage swelling properties and the molecular interaction between
aggrecan and the collagen network.
Taken together, this study provides insights into molecular-level deformation of
cartilage extracellular matrix (ECM) macromolecules (e.g., aggrecan, type II colla-
gen) that are important to the understanding of cartilage biomechanical function.
Ongoing studies are probing the age, disease (osteoarthritis), source and species re-
lated variations of cartilage ECM properties at the molecular level.
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Thesis Supervisor: Christine Ortiz
Title: Associate Professor of Materials Science and Engineering
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Chapter 1
Introduction
1.1 Background
Cartilage is the avascular tissue that lines the long ends of bones and sustains a
complex combination of compressive, shear, and tensile loads during joint motion.
Cartilage is composed of water (w/w - 60 - 80%), proteoglycan (PG) aggregates
(- 10%), collagen fibrils (e- 15 - 20%), and chondrocyte cells (- 3 - 5%) [99]. Both
the proteoglycan motif and the type II collagen network in the cartilage extracellular
matrix (ECM) are known to directly contribute to cartilage biomechanical proper-
ties. The field of nanomechanics (the study of nanoscale forces and displacements), in
particular applied to cartilage, has shown great potential to yield new scientific infor-
mation such as the molecular origins of biomechanical properties, it is hence possible
to probe nanomechanics of the cartilage ECM contents and provide molecular-level
insights into cartilage tissue mechanics and functions via atomic force microscopy and
its related techniques.
1.2 Objectives
The motivation of this research is to determine the molecular contributions of both
the aggrecan motif and the type II collagen network to cartilage tissue mechanical
properties. Aggrecan, the most abundant proteoglycan in cartilage tissue, has a
"bottle-brush" structure, with highly negatively charged glycosaminoglycan (GAG)
chains densely packed along its core protein. Aggrecan is known to play a critical role
in cartilage compressive [75] and shear [83] tissue mechanical properties. The solid
type II collagen network functions as a scaffold of the cartilage tissue, and sustains a
complex of tensile, compressive and shear stress during joint motion as well.
Continuing the Ph.D. thesis work on aggrecan compressive nanomechanics by
Delphine Dean [27, 28], the first goal of this thesis is to understand the shear and self-
adhesive interactions between aggrecan macromolecules. Secondly, this thesis probes
the nanostructure and dynamic deformation of intact cartilage and its solid type II
collagen network at nano- and microscale. In combination with the previous studies on
aggrecan compressive nanomechanics, this research provides a basic understanding of
the molecular-level deformation mechanisms of cartilage ECM constituents, aggrecan
and type II collagen, as well as its contribution to the macroscopic cartilage structure
and functions.
The development of modern atomic force microscopy techniques enables not only
imaging biomacromolecules at nanometer scale, also the quantification of nano-newton
scale forces associated with these macromolecules in different directions and time-
scales in ambient conditions. Hence, in order to provide a comprehensive under-
standing of biomechanics of these macromolecules, a variety of AFM-related tech-
niques were applied to achieve these goals, such as contact and tapping mode AFM
imaging, lateral force microscopy, high-resolution force spectroscopy, etc. The mea-
sured results were analyzed with related scientific theories, e.g. Poisson-Boltzmann
electrostatic model, visco/poroelasticity, polymer molecular mechanics, etc., to un-
derstand the associated molecular mechanisms to elucidate the molecular origins and
their contributions to cartilage tissue-level mechanics.
1.3 Overview
This thesis is structured as follows. Chapter 2 provides a brief overview of cartilage
extracellular matrix constituents and cartilage aggrecan compressive nanomechanics.
Chapter 3 describes the lateral(shear) nanomechanics of a single end-attached aggre-
can layer via lateral force microscopy, the calibration details of LFM for the specific
spherical colloidal probe tips used in this study was described in Appendix B. This
chapter was published as a regular article in Biophysical Journal in 2007 [62]. Chapter
4 extends this study to the nanoscale shear of two opposing aggrecan layers, using an
aggrecan end-functionalized colloidal tip, which was published in Biophysical Journal
as a biophysical letter in 2007 [63]. Chapter 5 discusses the self-adhesive interactions
between opposing aggrecan layers. Chapter 6 describes the nanostructure of the type
II collagen fibrils, and dynamic nanoscale deformation of cartilage and its type II
collagen network.

Chapter 2
Background
Articular cartilage is the loading bearing tissue at the surfaces of bones in synovial
joints. It is subjected to a combination of tensile, compressive and shear loads be-
tween joints during motion. Its extracellular components, e.g. aggrecan, type II
collagen, etc., are the direct determinants of cartilage tissue mechanical properties
and functions.
2.1 Cartilage extracellular matrix (ECM)
Cartilage is a specialized avascular tissue composed of a relatively small number of
chondrocyte cells, surrounded by its complex extracellular matrix. Approximately
60 - 80% weight of the whole tissue is composed of water. The remainder of the
ECM is mainly consisted of the proteoglycan motif and fibril-forming type II colla-
gen, Figure 2-la. The term "proteoglycan" refers to the macromolecules of connective
tissue constructed of a protein backbone and a large number of covalently bounded
glycosaminoglycan side chains, Figure 2-1b [109]. In cartilage, the family of proteo-
glycan includes a variety of biomacromolecules, e.g. the large aggregating proteogly-
can (aggrecan), leucine-rich proteoglycans (decorin, biglycan and fibromodulin), type
IX collagen etc. Their functions vary from the mechanical support (aggrecan), to
cell-binding receptors (CD44), to matrix-binding and cell-surface receptors (heparan
sulfate proteoglycans) etc. [65]. The most abundant proteoglycan, aggrecan, con-
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Figure 2-1: (a) Illustration of major cartilage extracellular matrix (ECM) compo-
nents: collagen, aggrecan and hyaluronan etc. with chondrocyte cells upon mechan-
ical loading induced deformation. (b) Schematic representation of the structure of
aggrecan (contour length ' 400 nm), illustrating the core protein backbone (cp) and
its three globular domains (G1, G2, G3), and the grafted chondroitin sulfate (CS) and
keratan sulfate (KS) glycosaminoglycan (GAG) side chains. CS-GAG contour length
- 40 nm, intermolecular spacing ' 2 - 4 nm; N = N-terminal; C = C-terminal).
tributes significantly to the compressive [75] and shear [83] stiffness of cartilage, as
well as the osmotic swelling pressure of the tissue [99, 4]. The fibrous type II collagen
network functions as the scaffold of the cartilage tissue, and contributes to cartilage
tissue tensile and shear strength [99].
2.2 Aggrecan
Aggrecan, the largest and most abundant proteoglycan in cartilage, comprises 30 -
35% of cartilage tissue dry weight (5 - 10% of wet weight). It is composed of a
core protein (MW: 225 - 250 kDa [65], contour length - 400 nm), and densely
packed long glycosaminoglycan (GAG) side chains, Figure 2-1b. In vivo, aggrecan
is attached to the hyaluronan biomacromolecule via its G1 globular domain near
the N-terminal of its core protein, strengthened by the presence of link proteins,
1-
which forms large aggregates of aggrecan. [66, 74] Between the G2 and G3 domains,
there are highly negatively charged, densely packed GAG chains, mainly in three
different forms: chondroitin-4-sulfate glycosaminoglycan (C4S-GAG), chondroitin-6-
sulfate glycosaminoglycan (C6S-GAG) and keratan-sulfate glycosaminoglycan (KS-
GAG).
There are , 100 CS-GAG chains (25 - 30 dissacharide units, contour length - 40
nm) covalently bounded along each aggrecan core protein via Ser-Gly residues [65, 75],
spacing 2 - 4 nm apart. CS-GAG chains are composed of alternating glucuronic and
N-actetyl-6 (or 4)-sulfate galactosamine (Figure 2). The ratio of C6S-GAG and C4S-
GAG varies from < 1 in the fetal and newborn infant to > 20 in the adult tissue
[122]. The sulfate and carboxyl functional groups in the structural units of CS-GAGs
are negatively charged in physiological conditions, and the electrostatic repulsion
between them accounts for - 50% of tissue's equilibrium compressive moduli and
swelling pressures [14, 37, 98, 114]. The smaller KS-GAG chains are consisting of ,
10 repeating dissacharide units and play a less important role for directly determining
cartilage mechanical properties. Upon the events like osteoarthritis and acute joint
injury, aggrecan is the first component that experiences significant loss, which leads
to the irreversible deterioration of cartilage biomechanical functions. Also, studies
have shown that aggrecan functions degrade with age, as the length of CS and KS
chains become shorter with age [146, 110].
In this thesis, we use aggrecan molecules extracted from fetal epiphyseal bovine
cartilage. As Ng et al. [110] has reported, the fetal epiphyseal aggrecan has a core
protein with contour length 398 ±57 nm, persistence length - 110 nm, with CS-GAG
chains (- 50 dissacharides, contour length 42 ± 7 nm, persistence length ,, 21 nm)
packing at 3.2 ± 0.8 nm apart. The nanostructures and compressive nanomechanics
of this aggrecan has been explicitly studied by Ng et al. [110] and Dean et al. [27, 28],
respectively.
2.3 Type II collagen
Articular cartilage by dry weight is - 60% of collagen (- 15 - 20% wet weight),
which is composed of 75 - 90% of type II collagen fibrils, and other components
include type III, VI, IX, X, XI, XII/XIV, XIII etc. The richest type II collagen, a
triple helix formed by three al(II) polypeptide chains, forms the fibrils with collagen
IX covalently linked to the surface and collagen XI forms the filamentous template
of the fibril as a whole [42]. These type II collagen fibrils (diameter - 30 - 80 nm)
construct a relatively coarse and electrically neutral framework (gaps between the
fibrils > 100 nm) compared to the 2 - 10 nm "pores" within the proteoglycan-water
gel [99]. The collagen matrix is essential for the integrity of the whole cartilage tissue,
and important for its tensile as well as compressive tissue mechanical properties. As
the turnover of the collagen framework is slow, any severe damage appears to be
irreversible and a critical step in the process of joint failure [42]. In this study,
we probed the nanoscale deformation of the whole cartilage tissue, as well as this
collagen network in physiological-like aqueous conditions using calf knee cartilage.
Nanostructure of the type II collagen fibrils was also studied in air-dried state.
2.4 Compressive nanomechanics of cartilage ag-
grecan macromolecules
Previously, Dean et al. have measured the nanoscale compressive interactions be-
tween opposing aggrecan macromolecules in near physiological conditions, in order to
elucidate the molecular origins of tissue-level cartilage biomechanical behavior. De-
tails of this study were published as an original article in Journal of Biomechanics in
2006 [28]. Aggrecan molecules from fetal bovine epiphyseal cartilage were chemically
functionalized with thiol-groups and end-grafted to gold-coated planar substrates,
standard nanosized atomic force microscopy (AFM) probe tips (Rti, - 50 nm), and
larger colloidal probe tips (Rti, - 2.5 pm) via thiol-gold bonds. To assess normal
nanomechanical interaction forces between opposing aggrecan layers, substrates with
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Figure 2-2: (a) Average force between two opposing aggrecan layers using an aggrecan
functionalized colloidal probe tip (Rti, - 2.5 pm, k - 0.12 N/m) versus the aggrecan
functionalized planar substrate at different bath ionic strengths (0.001 - 1.0 M NaC1,
pH - 5.6). (b) Aggrecan nanomechanical data at 0.1 M NaCl (near physiological ionic
strength) converted to stress-strain (red dots) compared to the Poisson-Boltzmann-
based electrostatic models: the rod model (lines), the unit cell model (dashed lines),
and the volume charge model (orange dotted line). Adapted from Dean et al. [28].
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microcontact printed aggrecan and a neutral hydroxyl self-assembled monolayer (OH-
SAM) were imaged using contact mode AFM, and aggrecan layer height (and hence
deformation) was measured as a function of solution ionic strength (IS) and applied
normal load. Then, using high-resolution force spectroscopy, nanoscale compressive
forces between opposing aggrecan on the tip and substrate were measured versus tip-
substrate separation distance in 0.001 - 1.0 M NaC1, Figure 2-2a. Aggrecan height
and repulsive force decrease with increasing bath ionic strength due to the screen-
ing of electrostatic repulsions. Nanosized tips enabled measurement of the molecular
stiffness of 2 - 4 aggrecan while colloidal tips probed the nanomechanical properties
of larger assemblies (~,, 104 molecules). The compressive stiffness of aggrecan was
much higher when using a densely packed colloidal tip than the stiffness measured for
using the nanosized tip with a few aggrecan, demonstrating the importance of lateral
interactions to the normal nanomechanical properties. The measured stress at 0.1M
NaCl (near-physiological ionic strength) increased sharply at aggrecan densities under
the tip of - 40 mg/mL (physiological densities are - 20 - 80 mg/mL), corresponding
to an average inter-GAG spacing of 4 - 5x Debye lengths (4 - 5 nm); this char-
acteristic spacing is consistent with the onset of significant electrostatic interactions
between GAG chains of opposing aggrecan molecules. Comparison of nanomechan-
ical data to the predictions of Poisson-Boltzmann-based models further elucidated
the regimes over which electrostatic and nonelectrostatic interactions affect aggre-
can stiffness in compression, Figure 2-2b. The most important aspects of this study
include: the incorporation of experiments at two different length scales, the use of
microcontact printing to enable quantification of aggrecan deformation and the corre-
sponding nanoscale compressive stress versus strain curve, the use of tips of differing
functionality to provide insights into the molecular mechanisms of deformation, and
the comparison of experimental data to the predictions of three increasingly refined
Poisson-Boltzmann (P-B)-based theoretical models for the electrostatic double layer
component of the interactions. Continuing this study, we probed shear and self-
adhesive interactions between opposing fetal bovine epiphyseal aggrecan layers in
Chapters 3 - 5.
Chapter 3
Lateral Nanomechanics of
Cartilage Aggrecan
Macromolecules
This chapter was published as a regular article in Biophysical Journal in 2007. Further
technical details and applications of the experimental system presented here are also
provided in Appendix B.
3.1 Introduction
Articular cartilage is a specialized connective tissue found at the surfaces of bones in
synovial joints. Cartilage macromolecular composition and structure [12] is optimized
to sustain a complex combination of compressive, shear, and tensile loads that exist
during joint motion [33, 31]. The major extracellular matrix (ECM) proteoglycan,
aggrecan, which comprises 30 - 35% of the tissue dry weight, is thought to play a crit-
ical role in proper biomechanical functioning of cartilage in response to compressive
[75] and shear [83] loads. Aggrecan is a polyelectrolyte having a "bottle-brush" struc-
ture (Figure 3-1), consisting of a core protein (contour length - 400 nm) with , 100
covalently bound chondroitin sulfate glycosaminoglycan (CS-GAG) chains (contour
length - 40 nm) that are closely spaced (2-4 nm) and negatively charged, along with
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Figure 3-1: (a) Schematic representation of the structure of aggrecan (contour length
- 400 nm), illustrating the core protein backbone (cp) and its three globular domains
(G1, G2, G3), and the grafted chondroitin sulfate (CS) and keratan sulfate (KS) gly-
cosaminoglycan (GAG) side chains. CS-GAG contour length - 40 nm, intermolecular
spacing - 2 -4 nm; N = N-terminal; C = C-terminal). (b) Disaccharide constituents
of chondroitin-4-sulfate GAG and KS-GAG.
smaller keratan sulfate GAGs and oligosaccharides [65, 110]. Within cartilage tissue,
aggrecan is bound non-covalently at its G1 globular domain to the higher molecular
weight GAG chain, hyaluronan (HA), stabilized by link protein [66].
Nanomechanical studies of cartilage and its extracellular matrix components have
shown the potential to link molecular structure and interactions to tissue-level biome-
chanical properties. Recently, we reported the use of atomic force microscope (AFM)-
based instruments to quantify the compressive nanoscale deformation between oppos-
ing chemically end-grafted monolayers of CS-GAGs [136, 137] and aggrecan [27, 28].
These biomimetic model systems demonstrated highly nonlinear nanomechanical be-
havior, with the aggrecan layer stiffness increasing more rapidly with strain than that
of CS-GAG layer. The contribution of electrostatic interactions to the compressive
stiffness of the CS-GAG [137] and aggrecan [28] layers was well described by a Poisson-
Boltzmann-based model representing GAG chains as finite length charged rods [26].
In other related studies, nanoindentation of intact porcine cartilage was performed
using microsized colloidal probe tips to measure the tissue aggregate dynamic com-
pressive modulus (- 2.6 MPa), while the use of sharp pyramidal nanosized probe tips
gave values - 100-fold lower (, 0.02 MPa) and were thought to be more indicative of
molecular fine structure [143, 32]. Nanoindentation was also used to detect changes
in tissue-level properties following enzymatic digestion of collagen and proteoglycan
moieties [143], during the process of osteoarthritis degradation [86], and cartilage tis-
sue repair [143, 32]. Single molecule force-extension measurements on HA [51, 70]
and CS-GAG [70] have been performed using optical tweezers [51] and AFM [70],
respectively, giving estimates of the persistence length in near-physiological aqueous
solution conditions. With the goal of providing insights into joint lubrication mech-
anisms [126], the frictional properties of HA have been quantified using the surface
force apparatus (SFA) via covalent attachment of HA to lipid bilayers on mica [6] and
electrostatic adsorption of HA on quaternized poly(4-vinylpyridine) [170] or lipid bi-
layers [147] on mica. AFM using microscale probe tips has also been used to measure
the frictional coefficient of the surface of bovine articular cartilage in the presence
and absence of the superficial zone [89], and found that it was similar to macroscale
results [120, 169].
While the compressive and tensile stiffness of cartilage ECM constituents have
been studied at the molecular level, the molecular contributions to cartilage shear
properties have received less attention. It is recognized from tissue-level biomechanical
studies that aggrecan and GAG intermolecular interactions play an important role in
resisting shear deformation of cartilage [83, 169, 13], given the high density of aggrecan
within the tissue (20 - 80 mg/mL [100]). In addition, the known ionic strength
dependence of the torsional shear modulus of cartilage disks was well predicted by a
Poisson-Boltzmann-based unit cell model of GAG-GAG electrostatic interactions [83].
Hence, the objective of this study was to quantify the nanoscale lateral deformation
behavior of chemically end-grafted aggrecan monolayers to better understand the
origins of tissue-level shear behavior (as opposed to surface lubrication).
Toward this end, lateral force microscopy (LFM) was carried out on microcon-
tact printed planar substrates [163] of chemically end-grafted fetal bovine cartilage
aggrecan prepared at high physiological densities with surface molecular separation
distances - 25 nm [28]. Nanosized (end-radius, R - 50 nm) and microsized (R - 2.5
Jm) probe tips functionalized with neutral hydroxyl-terminated self-assembled mono-
layers (OH-SAMs) were employed to study lateral nanomechanics at different length
scales where the interactions involved either a few or a large ensemble (~ 103) of
aggrecan molecules [28]. Lateral force was measured as a function of normal com-
pressive force (- 0 - 80 nN), enabling the determination of the lateral proportionality
constant, A, in NaCl solutions of varied ionic strength (0.001 - 1.0 M, pH - 5.6).
The use of microcontact printed surfaces enabled the simultaneous measurement of
aggrecan height (and hence, conformation and compressive normal strain) with lat-
eral and normal force. Results using probe tips having differing surface chemistries
suggested that the contribution of interfacial adhesion between the aggrecan layer
and probe tip to the measured lateral force were very small compared to the effects of
aggrecan deformation. To help isolate the effects of electrostatic and nonelectrostatic
interactions on the resistance of aggrecan to lateral deformation, lateral forces were
measured as a function of aggrecan height at different bath ionic strengths. Height
was then converted to effective normal strain, E, and the measured lateral force was
estimated as a function of the ratio of the average GAG-GAG spacing to the char-
acteristic electrical Debye length at each ionic strength. (Electrostatic interactions
become relatively more important as this ratio becomes smaller.) The underlying
time independent (elastic-like) and time dependent (e.g., visco/poroelastic) defor-
mation mechanisms were also explored by comparing the lateral forces measured at
different probe tip displacement rates.
3.2 Methods
3.2.1 Sample and probe tip preparation and characterization
Purified fetal bovine epiphyseal A1A1D1D1 aggrecan, MW - 3 MDa [110] was
chemically functionalized with thiol-groups, as described previously [27]. Micro-
contact printed [163] samples were prepared where aggrecan was chemically end-
grafted within hexagonal patterns (10 ym side length), and a hydroxyl-terminated
self-assembled monolayer (OH-SAM, 11-mercaptoundecanol, HS(CH 2)110H, Aldrich,
St. Louis, MO), was functionalized outside the hexagonal patterns, as described
previously [27]. The aggrecan packing density was one monomer per ', 25 nm x
25 nm square (measured using the dimethylmethylene blue dye binding assay [45]).
Samples were characterized using contact mode AFM imaging in NaCl solutions at
different ionic strengths to visualize the height differences between the aggrecan-
OH-SAM pattern using both the OH-SAM functionalized nanosized and microsized
probe tips [27, 28]. Patterned control substrates of carboxyl- and amine-terminated
SAMs (COOH-SAM and NH 2-SAM) were prepared in a similar fashion via microcon-
tact printing using 3 mM 11-mercaptoundecanoic acid, HS(CH 2)10COOH (Aldrich),
and 2-aminoethanethiol hydrochloride, HS(CH2)2NH 2 - HC1 (Aldrich, 24 hour incuba-
tion), both in ethanol. These control samples were imaged by lateral force microscopy
in 0.01 M NaCl at pH - 2.4 and 10.3 (pH values were adjusted using HCI and NaOH)
to measure the lateral forces between the probe tip and the samples (for reviews of
measuring friction forces on SAMs via LFM, see [148, 17, 90, 103]).
Both standard nanosized AFM probe tips (R , 50 nm as measured by scanning
electron microscopy, NP tip D, silicon nitride, V-shaped cantilever, nominal spring
constant k - 0.06 N/m, Veeco, Santa Barbara, CA) and microsized colloidal probe
tips (R - 2.5 im, silicon nitride, V-shaped cantilever, nominal spring constant k -
0.12 N/m, BioForce Nanosciences, Ames, IA) were used. Both were coated with 2 nm
of Cr and 50 nm of Au, and then functionalized with neutral OH-SAMs by immersion
for 24 hours in 3 mM HS(CH 2)110H ethanol solution, to minimize the electrostatic
and hydrophobic interactions between the tip and aggrecan layer. A hydrophobic
methyl-functionalized microsized probe tip was also prepared by immersion for 24
hours in 3 mM ethanethiol, HSCH2CH3 (Aldrich), ethanol solution. Based on the
surface interaction area calculated from the measured probe tip radii and the known
aggrecan packing density, the nanosized tips (Figure 3-2a) were estimated to interact
directly with < 10 aggrecan on the surface, while the microsized tips (Figure 3-2b)
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Figure 3-2: Illustrations of AFM contact mode imaging on aggrecan and OH-
terminated SAM patterned substrate on which the spacing between adjacent core
proteins of the aggrecan molecules are - 25 nm apart; (a) nanosized probe tip with
an end-radius, R - 50 nm; (b) microsized colloidal probe tip, R - 2.5 pm. (c)
Schematic of one lateral signal loop from a single line scan crossing a COOH-NH 2
self assembled monolayer (SAM) pattern using an OH-SAM functionalized nanosized
probe tip (R - 50 nm, nominal cantilever spring constant, k - 0.06 N/m) in 0.01 M
NaCl solution at pH - 10.3, adjusted by adding NaOH (not drawn on scale).
interacted with - 103 aggrecan [28].
3.2.2 Shear nanomechanics of aggrecan via lateral force mi-
croscopy
A Multimode Nanoscope IV AFM (Veeco, Santa Barbara, CA) was used with a
PicoForce piezo for the lateral force microscopy experiments. The scan direction was
parallel to the base of the V-shaped cantilever, i.e., a 900 scan angle. As the cantilever
scans across the surface under a constant applied normal force (Figure 3-2c) it twists
in the scanning (lateral) direction, resulting in a horizontal deflection of the laser spot
on a quadrant position sensitive photodiode which outputs a lateral deflection signal
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(Volts). Simultaneously, the cantilever bends in the normal direction and results in a
separate output as the normal deflection signal (Volts) on the same photodiode. The
normal deflection signal is of a greater magnitude and the cross-talk, or interference
of the normal to the lateral signal, is typically an order of magnitude larger than the
actual lateral deflection signal caused by the cantilever twisting [113]. To account
for this, both forward (trace) and reverse (retrace) line scans ("lateral signal loops")
were performed. The magnitude of the lateral force was calculated from the average
of the lateral deflection signal (i.e., one half the trace minus retrace signal, or "half-
width", Figure 3-2c). Calibration of the lateral sensitivity a (nN/V) was conducted
using an extension of the "wedge method" [113, 157], thus enabling quantification of
the lateral force in nN (see Appendix B). The normal deflection sensitivity / (nN/V)
was determined by calibrating the normal cantilever spring constant via the thermal
oscillation method [79]. Based on these methods, lateral force scans were measured
at 8 locations on each hexagon as a function of the applied normal force, probe tip
displacement rate, and bath ionic strength (0.001 - 1.0 M NaCl solutions, pH ', 5.6).
The proportionality coefficient between lateral force and applied normal force, Mu,
which characterizes the resistance of the aggrecan layer to lateral deformation at
given applied normal forces, was estimated via linear regression on the data pooled
from all eight scan positions and reported as the mean (least squares estimator) ±95%
confidence interval for each lateral versus normal force curve. The validity of pooling
the data was tested using one-way analysis of variance test (ANOVA) followed by
Tukey-Kramer post-hoc multicomparison test; there were no significant differences in
the means between each of the eight scan lines at any given ionic strength (IS) or
pH, suggesting that the properties of the aggrecan across the hexagon were relatively
homogeneous.
During lateral force microscopy scans, the height difference between the aggrecan
and OH-SAM regions was recorded simultaneously (Figure 3-2a,b), which equals the
aggrecan layer height as the height of OH-SAM layer is negligible small (- 1 - 2
nm) [27]. Hence, simultaneous assessment of aggrecan height (and hence, conforma-
tion and compressive normal strain) with lateral and normal force was obtained, as
previously described [27, 28]. Lateral force was plotted versus aggrecan height and
compressive normal strain, en, which was calculated as the aggrecan height normal-
ized by the equilibrium aggrecan height at -- zero applied normal force [28]. A 30
pm scan size and 1 Hz scan frequency were employed at a lateral scan rate 60 Am/s.
In an additional series of experiments, a range of lateral scan rates from - 1 - 100
p•m/s was employed. For each individual scan line, 256 data points were recorded
on each trace and retrace line. Ten data points at the beginning and end of the
loop (the tip reversal region), and ten data points corresponding to each pattern edge
were excluded. Lateral force microscopy images of individual aggrecan-functionalized
hexagons, demonstrating the lateral cantilever deflection signal at each scan location
(proportional to the absolute value of lateral force), were also created to directly
visualize the lateral force contrast between the inside and outside of the hexagonal
patterned areas of the microcontact printed surfaces.
3.3 Results
3.3.1 Control experiments - friction between nanosized OH-
SAM probe tip versus COOH-NH 2 SAM microcontact
printed surface
A hexagonal microcontact printed COOH- and NH 2-SAM functionalized substrate
(where the COOH-SAM was outside and the NH2-SAM was inside the hexagons) was
imaged with an OH-SAM nanosized probe tip in 0.01 M NaCl at pH - 10.3 and
2.4, with an applied normal force - 5 nN. Thirty-micrometer (30 pm) lateral force
scans images (Figure 3-3) were constructed from the half-width of the lateral signal
loop (Figure 3-2c). At pH - 10.3, the negatively charged COO--SAM exhibited a
higher lateral force than the NH2-SAM, corresponding to the brighter area outside
of the hexagon in Figure 3-3a and the larger half-width in the lateral signal loop
(Figure 3-2c) compared to that of the NH2-SAM. The COO--SAM also exhibited
larger lateral signal fluctuations due to "stick-slip" phenomena (Figure 3-2c) [149].
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Figure 3-3: Lateral force images of a COOH-NH 2 SAM patterned substrate taken with
an OH-functionalized nanosized probe tip probe tip (R - 50 nm, nominal cantilever
spring constant, k - 0.06 N/m) under - 5 nN applied normal force in 0.01 M NaCl
solutions at pH - 10.3 and 2.4, (pH was adjusted by adding HC1 or NaOH, COOH-
SAM was outside the hexagon, NH 2-SAM inside).
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Figure 3-4: Lateral force as a function of normal force on a COOH-NH 2 SAM pat-
terned substrate in 0.01 M NaCl at different pH values, using an OH-functionalized
nanosized probe tip (R - 50 nm, nominal cantilever spring constant, k - 0.06 N/m).
Each data point represents the mean (+ SD) of lateral signal loops at eight different
locations across one hexagon pattern, where each loop consists of up to 256 data
points. The value p (mean +95% confidence interval), the proportionality coefficient
between lateral and normal force, was calculated here and in subsequent figures via
linear regression on the data pooled from all eight locations.
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In contrast, the NH 2-SAM showed higher lateral force at pH , 2.4 (Figure 3-3b).
Lateral forces showed a positive linear dependence with increasing normal force for
both the NH 2-SAM and COOH-SAM versus the OH-SAM functionalized probe tip
at pH - 10.3 and 2.4 (Figure 3-4). The lateral proportionality coefficient, p, between
carboxyl and hydroxyl, markedly decreased from 0.67 ± 0.03 to 0.23 - 0.02, while
that between amino and hydroxyl increased from 0.32 ± 0.02 to 0.47 ± 0.02, as the
pH was decreased from 10.3 to 2.4 (Figure 3-4). Visualization of the pattern reversal
at different pH (Figure 3-3) and the linear dependence of lateral on applied normal
force (Figure 3-4) verified the lateral force microscopy methodology by reproducing
results reported previously in the literature [154].
3.3.2 Aggrecan shear using a nanosized probe tip
Lateral force images for a microcontact printed surface of chemically end-grafted
aggrecan (inside the hexagon) and an OH-SAM (outside the hexagon) were taken
with a nanosized OH-SAM functionalized probe tip in 0.1 M NaCl at pH - 5.6
(Figure 3-5a). Lateral force data from this experiment were obtained at low (- 3
nN) and high (- 15 nN) normal imaging forces, as seen in two typical signal loops of
Figure 3-5b, with a 30 pm line scan. The half width of the lateral signal and, hence,
the magnitude of the lateral resistance, was much smaller for the aggrecan compared
to the OH-SAM at the low applied normal force (Figure 3-5a), and increased with
increasing normal force (Figure 3-6) [113]. (Note that a shift in the baseline of the
lateral signal loop was observed at the edge of the hexagonal pattern due to the
increase in aggrecan height, but this did not affect the magnitude of the measured
lateral force given the linear response of position sensitive photo diode. This cross-
talk came from the interference of cantilever normal deformation with the lateral
deflection signal, which was deconvoluted by analyzing the trace-retrace scan loop,
as mentioned in Methods.)
Figure 3-6 illustrates the dependence of lateral force on normal force for this same
sample; each data point represents 8 line scans at different sample locations for a 30
pm scan size. Data in the OH-SAM region (Figure 3-6a) yielded a linear dependence
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Figure 3-5: (a) Lateral force images of aggrecan-OH SAM patterned substrate in 0.1
M NaCl solution at pH - 5.6, with an OH-SAM functionalized nanosized probe tip
(R - 50 nm, nominal cantilever spring constant, k - 0.06 N/m). (The red layer in
the schematic represents OH-SAMs, as in Figure 3-2a+b). (b) Corresponding lateral
force loop signals across a full pattern of the aggrecan-OH-SAM region; the shaded
regions in the lateral signal loops are the regions representing the aggrecan brushes.
(I) normal force, F - 3 nN; (II) F - 15 nN.
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Figure 3-6: Lateral force versus applied normal load for an aggrecan-OH SAM pat-
terned surface with an OH-SAM functionalized nanosized probe tip (R - 50 nm) in
NaCl solutions, pH - 5.6. (a) OH versus OH. (b) OH versus aggrecan at 0.001 M IS.
(c) OH versus aggrecan at 0.1 M IS. At 0.01 M, lateral linearity ratio p is measured
to be pI = 0.10 ± 0.01 and pU = 0.35 ± 0.03 in region (I) and (II), respectively (data
not shown). Each data point represents the mean (± SD) of at 8 different locations
across one hexagon pattern at a fixed applied normal force.
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Figure 3-7: Aggrecan lateral force versus height in NaCi solutions, pH - 5.6 using a
nanosized OH-SAM functional tip (R - 50 nm, nominal cantilever spring constant,
k - 0.06 N/m). (a) IS = 0.001 M; each data point represents one lateral signal loop,
and the aggrecan brush height is recorded simultaneously. Region I: lower normal
loads (< 20 nN), where aggrecan molecules are not highly compressed and lateral
forces are expected to originate from molecular shear, rotation and bending. Region
II: higher normal forces (> 20 nN), where aggrecan molecules are highly compressed
and "stick-slip" mechanisms are observed in the lateral signal loops. (b) Averaged
aggrecan lateral force versus height curves at different IS; 0.001 M data correspond
to that shown in (a).
of lateral force on normal force with p = 0.16 ± 0.01, which was independent of
ionic strength in the range of 0.001 - 0.1 M, as expected for neutral SAMs. For the
aggrecan-functionalized region, two linear regimes were observed: one at lower forces
(region I) and one at higher forces (region II, Figure 3-6b,c). In region I, p was found
to be yp = 0.10 + 0.01 at 0.001 and 0.01 M IS and pi = 0.15 + 0.04 at 0.1 M IS.
In region II, p increased to ,pU = 0.44 + 0.03, 0.35 + 0.03 and 0.37 + 0.03 at 0.001,
0.01, and 0.1 M IS, respectively. The applied normal force at which this transition
occurred was found to decrease with increasing ionic strength (e.g., Figure 3-6b,c).
It should be noted that scanning under high force in region II produced damage to
the aggrecan layer causing irreversible changes in the measured height and lateral
force. Lateral force also depended markedly on aggrecan height (Figure 3-7). In the
low force region of constant lateral linearity (region I), the aggrecan layer was not
fully compressed (Figure 3-7a); in the higher force region II, the aggrecan layer was
compressed to < 5 nm. The lateral force in both regimes depended on ionic strength
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Figure 3-8: Lateral force versus normal force for aggrecan brush using an OH-
functionalized microsized probe tip (R - 2.5 pm) in NaCl solutions, pH - 5.6. Each
data point represents the mean (+ SD) of lateral signal loops at 8 different locations
across one hexagon pattern. Higher lateral force was measured at higher IS for the
same normal force, as aggrecan layer height became smaller.
(Figure 3-7b): at any given aggrecan layer height, the lateral force increased with
decreasing ionic strength.
3.3.3 Aggrecan shear using a microsized probe tip
Lateral forces between aggrecan and an OH-SAM microsized probe tip (R - 2.5 prm)
were measured over a range of applied normal force between 0 and 80 nN. It is known
that in this force range, the aggrecan layer is never fully compressed [28]. Lateral
force was observed to vary linearly with normal force throughout the entire range of
applied normal force (Figure 3-8). p was found to be independent of loading history
for several loading and unloading cycles in the range of applied normal force (data not
shown), indicating a lack of damage to the aggrecan layer during scanning. A marked
increase of pt with increasing ionic strength was observed, ranging from p = 0.03+0.01
at 0.001 M to 0.11+0.01 at 1.0 M (Figure 3-8). The same sample was tested using the
CH 3-SAM tip at 0.1 M and 1.0 M, and no significant differences in the values of p were
observed compared to the OH-SAM tip (data not shown). As shown in Figure 3-9a,
the initial aggrecan layer height was greater at lower ionic strength; at any measured
height, the lateral force was larger at lower ionic strength. When these same data
were plotted as a function of compressive strain En (aggrecan height normalized to
initial height at approximately zero normal force), the lateral force was found to
decrease with increasing ionic strength at constant strain (Figure 3-9b). To aid in
the interpretation of these results (see Discussion), the lateral force data of Figure
3-9b were replotted versus the estimated ratio of the GAG spacing divided by Debye
length, the characteristic electrostatic interaction length, at different ionic strengths,
to distinguish between electrostatic and non-electrostatic interactions (Figure 3-9c).
The estimated average GAG spacing corresponding to varying amounts of aggrecan
compression was calculated as,
GAG spacing under compression =
measured aggrecan heightGAG spacing along core protein x
aggrecan contour length
where the GAG spacing along core protein is 3.2 ± 0.8 nm, and the contour length
is 398 ± 57 nm for fetal epiphyseal aggrecan, as measured via tapping mode AFM
imaging [110]. The value of GAG spacing under compression divided by Debye length
is < 1 at lower IS (0.001 and 0.01 M) and > 1 at higher IS (0.1 and 1.0 M) in the
range of measured lateral forces.
The lateral proportionality coefficient M varied with the tip displacement rate in
the range - 1-100 pm/s (Figure 3-10) in a manner that depended on ionic strength.
At higher IS (0.1 and 1.0 M), p increased significantly with tip displacement rate
(confirmed by one-way ANOVA test at each ionic strength, Figure 3-10). In contrast,
at IS = 0.001 M, jL did not change significantly with tip displacement rate. The
trends reported in this study were found to be reproducible using at least 3 different
microcontact printed samples for each experiment. The variability of the data are
most likely associated with the local grafting density of the aggrecan layer within
a hexagonal pattern and the previously quantified degree of aggrecan polydispersity
[110]. Variations between hexagons were found to be less important.
8z6
oI|
'a
0 100 200 300
Aggrecan Height (nm)
(a)
0 0.2 0.4
Normal Strain ,n(b)
0 1 2 3
GAG Spacing / Debye Length
(c)
4- -
Figure 3-9: Lateral force versus (a) aggrecan layer height, (b) normal strain e,, (c)
GAG spacing normalized to the Debye length, using an OH-functionalized microsized
tip (R - 2.5 pm) in NaCl solutions, pH - 5.6. Each data point represents one lateral
signal loop. Normal strain E, was calculated as the compressed aggrecan layer height
normalized to its uncompressed height measured by AFM imaging at approximately
zero normal force.
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Figure 3-10: Lateral proportionality coefficient p as a function of lateral tip displace-
ment rate (from 3.16 to 100 pm/s) in NaCl solutions, pH - 5.6, calculated as the
least squares estimator ±95% confidence interval from eight series of applied normal
forces at the same IS and lateral displacement rate. /p varied significantly with dis-
placement rate at 0.1 M and 1.0 M IS, (one-way ANOVA, p < 0.0001); no significant
effect of rate was found at 0.001 M. p was found to vary significantly with IS and rate
(two-way ANOVA test, followed by Tukey-Kramer post-hoc multicomparison test,
p < 0.0001).
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3.4 Discussion
3.4.1 Control experiments - friction between nanosized OH-
SAM probe tip versus COOH and NH 2-SAM micro-
contact printed substrates
The inversion of the lateral force image pattern on the COOH-SAM compared to
the NH 2-SAM sample (Figure 3-3a,b) is consistent with the ionization state of the
end-functional groups at different pH, as previously reported [154]. At pH - 2.4,
the COOH-SAM is fully protonated (pK u 'f , 5.2) while NH+-SAMs are fully ion-
ized (pK" r f  7) [155]. At this pH, greater lateral force was measured between the
OH-SAM tip and NH+-SAM due to intermolecular hydrogen bonds between -NH +
and -OH that are stronger than those between -COOH and -OH. At pH - 10.3, the
NH 2-SAM is nearly neutral while the COO--SAM is completely ionized and, thus,
there is a stronger adhesion force between the -COO- and -OH functional groups due
to stronger hydrogen bonds [154]. The "stick-slip" behavior and linear dependence
of lateral force on applied normal force is consistent with previous results on SAM
systems [148], and is known to correlate with adhesion of the end-functional groups
[149]. The magnitude of the lateral proportionality coefficient p may depend on many
experimental factors including surface roughness, contact area, sliding speed, temper-
ature, etc. [53], but relative trends, such as the effect of pH, are accurately assessed.
The greater pH dependence of it in the carboxyl SAM region can be attributed to the
larger increase of electronegativity of the carboxyl groups by ionization, and hence the
larger magnitude change of the hydrogen bonding energy [148], and thus adhesions,
between hydroxyl and carboxyl SAMs from the protonated to the charged state.
3.4.2 Molecular origins of the aggrecan shear response using
the microsized tip
The radius of curvature of the microsized tip is an order of magnitude larger than
aggrecan height, aggrecan-aggrecan surface separation distance and the interaction
distance between the aggrecan layer and the probe tip. Thus, the ensemble of aggre-
can molecules located within the tip-substrate contact area are subjected to a more
uniform deformation compared to that produced by the nanosized tip, which may pen-
etrate into the aggrecan layer. The finding that the lateral force was independent of
loading history over many loading-unloading cycles suggests that the aggrecan(thiol)-
gold end-grafting was stable for the experimental conditions used (~ 2 hrs for each
ionic strength condition). The M values measured in the lateral force experiments
presented here may have two possible origins: through-thickness molecular-molecular
interactions and/or surface interactions between the OH-SAM probe tip and the chain
segments of the aggrecan in physical contact with the probe tip. Surface interactions
are expected to be minimal, since it was observed that there was negligible adhesion
between the aggrecan and OH-SAM tip for normal force measurements under the
same conditions tested [28]. This hypothesis is further supported by the fact that no
marked difference was observed between y measured with tips having varied surface
chemistry. Hence, through-thickness molecular-molecular interactions are expected
to dominate and may include electrostatic repulsion, non-electrostatic repulsion (e.g.,
entropic, steric, excluded volume, bending, etc.), and/or molecular entanglements.
An electrostatic contribution to the shear resistance is evident in Figure 3-9a where
it is observed that at any constant aggrecan layer height, the lateral force increases
with decreasing IS. At the same time, clear differences in the lateral force are observed
with ionic strength at constant values of the ratio of GAG spacing to Debye length
(Figure 3-9c), which supports the hypothesis that nonelectrostatic interactions also
contribute to aggrecan shear resistance. Theoretical studies on polymer compression
have suggested that more compacted configurations have higher nonelectrostatic in-
teractions, e.g. excluded volume effect [101]. Hence, the reduction in lateral force
at a given strain En with increasing ionic strength (Figure 3-9b), is likely due to the
decrease in electrostatic repulsion interactions. This finding is also consistent with
the observation that at constant normal force, greater lateral force was measured at
higher IS (Figure 3-8), which would result in higher compaction of the aggrecan layer
due to increased screening of electrostatic interactions.
3.4.3 Aggrecan shear response using the nanosized probe tip
For the microsized probe tip, a constant proportionality ratio p was observed in the
range of applied normal force in all tested IS (Figure 3-8). By comparison, the nano-
sized probe tip highlighted the existence of two different regimes of linearity in the
response with applied normal force (Figure 3-6b,c). Higher normal force resulted in
full compression or penetration of the tip through the aggrecan layer [27], possibly
bringing the tip into contact with the underlying gold substrate. The differences in
lateral force mechanisms in regions I and II (Figure 3-6b,c) can be interpreted by
analyzing the shape of lateral signal loops (Figure 3-5) as well as the corresponding
aggrecan height and conformation (Figure 3-7). When the aggrecan was fully com-
pressed or penetrated at high normal force, the lateral force was likely dominated by
surface interactions between the probe tip and gold layer under the aggrecan (shaded,
Figure 3-5b (II)). At low normal force, lateral signals in the aggrecan region (shaded,
Figure 3-5b (I)) had much smaller variations compared to those in the OH-SAM re-
gion, where the lateral forces were dominated by "stick-slip" surface interactions [149].
The transition between different lateral force mechanisms also support the hypothesis
that surface interactions between aggrecan and the OH-SAM tip were small.
Under the microsized tip, a degree of normal and lateral confinement of aggrecan
within the layer is expected, since - 103 aggrecan are compressed simultaneously.
However, due to the pyramidal geometry of the nanosized tip, only 2 - 4 aggrecan
molecules are directly interacting with the tip and the measured aggrecan height
does not necessarily represent the amount of aggrecan compression in the normal
direction. Penetration of the nanosized tip into the aggrecan layer could result in
both splay deformation (bending) as well as compression even in the absence of tip
lateral displacement. Regardless of these geometrical factors, a linear dependence of
lateral force on applied normal force was still observed in the normal force region I
in Figure 3-6b,c and Figure 3-7. Although M did not markedly vary with IS in this
region (Figure 3-6 b,c), as was observed using the microsized probe tip (Figure 3-8), a
strong IS-dependence was observed between lateral force and aggrecan height (Figure
3-7b). Thus, due to stronger electrostatic repulsion at lower IS, larger normal forces
were required to reach a given compressed height, and electrostatic repulsion was
stronger in the lateral directions as well. The nanosized probe tip has a larger lateral
proportionality coefficient in region I at IS = 0.001-0.1 M compared to that with the
microsized tip which is likely due to length scale and/or geometrical effects. Thus,
the two lateral linearity regions measured via the nanosized probe tip (Figure 3-6b,c)
helped to interpret the underlying molecular origins of aggrecan shear and to assess
the lateral deformation mechanisms of a few aggrecan molecules. By comparison, the
microsized tip serves to contrast the effects of compressive and lateral deformation
of a larger ensemble of aggrecan molecules, and thereby more closely simulates the
deformation of aggrecan within cartilage tissue.
3.4.4 Rate-dependence of aggrecan shear
The significant increase in 1 with tip lateral displacement rate at 0.1 and 1.0 M IS
(Figure 3-10) suggests that time dependent (e.g., viscoelastic and/or poroelastic) as
well as time independent (elastic) processes are involved in lateral deformation of
aggrecan. In contrast, at low IS (0.001 M) as elastic electrostatic interactions become
even more dominant, no significant change in f with displacement rate was observed
(Figure 3-10). Viscoelastic behavior may be associated with interpenetration, en-
tanglements and macromolecular friction between aggrecan molecules. Poroelastic
behavior may result from lateral deformation-induced fluid flow within and through
the densely-packed aggrecan layer and the associated local pressure gradients within
the layer, which results in hydrodynamic friction between water and end-attached
aggrecan [64, 38], as is known to occur within cartilage tissue [108, 50]. Such rate-
dependent phenomena become relatively more important as rate-independent elec-
trostatic interactions decrease with increasing IS. From the data presented here, we
cannot yet distinguish between viscoelastic and poroelastic contributions, which are
the subject of ongoing studies focusing on scaling approaches to the size and rate of
interactions [18]. Interestingly, previous studies of the compressive nanomechanics of
aggrecan, where electrostatic effects were dominant, showed negligible dependence of
aggrecan compressive stiffness on normal tip displacement rate in the range of 0.1-10
jm/s [28].
3.4.5 Comparison to reported polyelectrolyte lateral force
studies
While this study has focused on the shear deformation of the end-grafted aggrecan
layer, it is still instructive to compare our findings to recent literature on the surface
lubrication properties of polyelectrolytes. Feiler et al. [47] recently used LFM to
measure surface forces and frictions associated with adsorbed cationic polyelectrolyte
layers of very low charge density, using a similar microsized probe tip geometry (R ,
10 pim) and range of lateral displacement rates (, 10 - 100 im/s). Their measured
values of Ip in 10-4 M KBr were higher than the largest measured p for aggrecan
even at the highest IS of 1.0 M (Figure 3-9), at which electrostatic interactions are
screened. Values of p reported for negatively charged adsorbed polyelectrolyte layers
measured using the surface forces apparatus [6, 147] at the lowest ionic strength
comparable to our study were higher than that found here as well, while in some
other negatively charged polyelectrolyte systems, extremely low values of the effective
lateral coefficient Ieff (the ratio of lateral to normal force) were also observed [126].
These differences are likely associated with differences in the molecular structure of
the polyelectrolytes of interest, the arrangement of the adsorbed versus end-anchored
attachment, the existence of free polyelectrolyte molecules in solution, the geometry
of the opposing layers in the SFA versus AFM configuration, the lateral displacement
velocity (> 5 fold higher in the AFM), and the higher applied normal forces used in the
SFA experiments. Nevertheless, a similar trend was observed in both AFM and SFA
systems demonstrating that the presence of electrostatic interactions between charged
polyelectrolytes effectively reduced the lateral forces at constant normal force [126].
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Figure 3-11: Comparison of aggrecan layer resistance to normal and shear deformation
using an OH-functionalized microsized tip (R - 2.5 pm), 0.1 M NaC1, pH - 5.6.
3.4.6 Comparison to macroscopic shear of cartilage tissue
We first note that the observed decrease in the resistance of aggrecan to shear deforma-
tion with increasing IS (Figure 3-9) is consistent with the previously reported decrease
in both the equilibrium and dynamic torsional shear modulus of cartilage disks with
increasing IS at constant disk thickness in vitro [83]. During macroscopic deformation
of cartilage in vivo, aggrecan would be expected to deform in both normal and lateral
directions enmeshed within the collagen fibrillar network. In this study, end-attached
aggrecan molecules undergo both compression and shear simultaneously. However,
while the macromolecules are end-attached to the substrate, the lateral displacement
of the aggrecan is not measured, as they are not attached to the tip or to each other
like a network. Therefore, it is difficult to define a shear strain (or shear modulus)
for the layer in the configuration of Figure 3-2a,b. Assuming aggrecan to be a rigid
rod, the maximum shear deformation at 0.1 M was estimated to be - 0.95 of the
aggrecan contour length; however, aggrecan is more coiled at physiological conditions
and the actual deformation is likely much less. In native cartilage tissue, aggrecan is
enmeshed within a collagen fibril network. While the configuration of Figure 3-2a,b
(without the collagen network) does not replicate the mechanical constraints that reg-
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ulate aggrecan deformation within native tissue, our goal is to help further establish
a molecular-level understanding of cartilage tissue mechanics by isolating the differ-
ent components of aggrecan deformation. To this end, the magnitudes of both the
normal and lateral force as a function of aggrecan layer height using the microsized
tip, replotted from the data of Figures 3-8 and 3-9, are compared in Figure 3-11 at
near physiological IS (0.1 M NaC1). At any given height (normal deformation), the
normal force is r 10 fold larger than the shear force. Conversely, aggrecan resistance
to shear deformation is - 10% of its resistance to compression in this layer configura-
tion. In native cartilage, the equilibrium shear modulus is typically , 50% that of the
compressive modulus [169]. Thus, while the experiments presented here delineate the
lateral deformation properties of aggrecan layers having molecular packing densities
similar to that in tissue, it is clear that interactions between aggrecan and the en-
veloping collagen network are also critically important for a complete understanding
of the tissue-level biomechanical properties of cartilage. Ongoing studies are therefore
focused on lateral nanomechanical interactions between aggrecan and collagen, and
between aggrecan macromolecules enmeshed within a collagen network.
3.5 Conclusions
In this study, we examined the shear nanomechanics of aggrecan macromolecules us-
ing microcontact printing and lateral force microscopy involving deformation of a few
aggrecan or a large assembly of them using nanosized or microsized probe tips, respec-
tively. By deforming a large assembly of aggrecan at physiological concentration, the
microsized tip more closely mimics deformation of aggrecan within native cartilage
tissue. Using this approach, aggrecan shear force was found to depend linearly on
normal force. Both electrostatic and nonelectrostatic interactions at the molecular
level were identified by using a combination of probe tip geometries, functionaliza-
tions, environmental (e.g., IS) conditions, and appropriate normalization of the data.
Stronger electrostatic interactions resulted in larger shear resistance at the same layer
height and normal strain, accompanied by more elastic-like deformation (i.e., less rate
dependence). At physiological IS, the rate dependence of the lateral force strongly
suggested the presence of visco- and/or poroelastic behavior, consistent with tissue-
level aggrecan and GAG-GAG interactions that have been identified in the study of
intact cartilage shear behavior.

Chapter 4
Nanoscale Shear Deformation
Mechanisms of Opposing Cartilage
Aggrecan Macromolecules
The nanoscale shear deformation behavior of two opposing end-grafted aggrecan lay-
ers was studied in aqueous solutions using atomic force microscopy, and was observed
to depend markedly on bath ionic strength, the presence of calcium ions, and the
applied lateral displacement rate. These results provide molecular-level insights into
the contribution of aggrecan deformation mechanisms to cartilage tissue-level material
properties.
This chapter was published as a biophysical letter in Biophysical Journal in 2007
[63].
4.1 Introduction
Aggrecan, the most abundant proteoglycan in cartilage comprising 30 - 35% of tissue
dry weight, has a densely-packed array of highly negatively charged chondroitin sul-
fate glycosaminoglycan (CS-GAG) chains along its core protein [65] and is critical to
cartilage mechanical function [99]. Recently, we quantified shear interactions within
a chemically end-grafted aggrecan layer using neutral nanosized and microsized (col-
loidal) probe tips via lateral force microscopy (LFM) [62]. At near physiological ionic
strength (IS = 0.1 M, pH - 5.6), linearity was observed between lateral and normal
forces applied to the aggrecan (linearity ratio p = 0.06 ± 0.01 at 60 pm/s lateral
displacement rate). Both electrostatic and nonelectrostatic contributions to shear in-
teractions were identified, and p increased nonlinearly with lateral displacement rate
to 0.09 ± 0.01 at 100 qm/s. These results suggested the presence of visco/poroelastic
rate processes within the aggrecan layer at the nanoscale [62]. Here, we report lat-
eral interactions between two opposing end-attached aggrecan layers, a configuration
that more closely mimics aggrecan interactions during shear deformation of intact
cartilage in vivo. In addition, we demonstrate the effects of Ca2+ at physiological
concentration on these shear interactions, along with effects of varying bath IS and
displacement rate.
4.2 Methods
Hexagonal patterned substrates with end-anchored bovine fetal epiphyseal aggrecan
inside 10 /m-sided hexagons, and neutral hydroxyl-terminated self-assembled mono-
layers outside the hexagons (OH-SAM, height - 1 nm, HS(CH 2) 110H, Aldrich, St.
Louis, MO), were prepared via microcontact printing, as described previously [27].
Aggrecan packing density was within the physiological range (one aggrecan per - 25
nm x 25 nm, or - 24 + 5 mg/mL at 0.1 M IS [27]). Aggrecan functionalized probe tips
were prepared in a similar fashion by 48 hrs incubation of gold-coated colloidal probe
tips (end radius Rtip, 2.5 pm, nominal spring constant k - 0.12 N/m, BioForce
Nanosciences, Ames, IA) in 100 ,L of the 1 mg/mL thiol-functionalized aggrecan so-
lution [28]. By these methods, - 103 aggrecan molecules in each layer could interact
simultaneously. Normal and lateral forces were measured and calibrated using a Mul-
tiMode Nanoscope IV atomic force microscope (AFM) with a PicoForce piezo (Veeco,
Santa Barbara, CA) via LFM [62]. The total height of the two opposing aggrecan
layers (H in Figure 4-1a) was measured by AFM imaging of microcontact printed
surfaces [28]. H was converted to normal strain En by normalization to the height
measured by AFM imaging at negligible normal force [62]. The measured aggrecan
layer height and lateral force were independent of loading history, suggesting that
there was negligible shear-induced irreversible damage or conformational changes in
the end-attached aggrecan layers.
4.3 Results and Discussion
Upon shear deformation (Figure 4-1a), the measured lateral force varied linearly with
applied normal force (Figure 4-1b); at a given normal force, the lateral force increased
with increasing IS. Lateral force increased nonlinearly with decreasing aggrecan height
(Figure 4-1c) and increasing normal strain (Figure 4-1d) at all IS. At constant height
(Figure 4-1c) the lateral force decreased with increasing IS, but the lateral force was
less sensitive to changes in IS at constant strain (Figure 4-1d). These trends for two
opposing aggrecan layers were similar to those observed with a single layer sheared
by a neutral hard-wall OH-SAM probe tip [62], except for those of Figure 4-1d, where
differences with IS were more pronounced in the single layer. Differences in lateral
deformability as a function of IS at constant aggrecan height and strain (Figure 4-
ic,d) suggest the presence of electrostatic interactions. Nonelectrostatic interactions
(e.g., excluded volume, steric, entropic, van der Waals, and possible molecular in-
terpenetration and/or entanglement) were evident in the two-layer configuration, as
demonstrated by marked differences in lateral force with changes in IS when calcu-
lated at constant values of the ratio of GAG spacing to electrical Debye length (Figure
4-1e), which were also observed in the single-layer studies [62].
Interestingly, there were important differences between the two-layer system stud-
ied here and the single-layer system studied previously [62]. In general, the lat-
eral force between the opposing aggrecan layers (Figure 4-lb-e) was observed to be
- 20 - 50% less than that in the single layer [62] under the same experimental con-
ditions, i.e., normal force, normal strain, and IS, similar to the trend observed for
normal compressive loading [28]. The increased lateral compliance of two opposing
layers compared to a single layer is attributed to a change in the molecular mecha-
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Figure 4-1: (a) Lateral motion of two opposing aggrecan layers using an aggrecan
functionalized probe tip (Rtip - 2.5 Mm) on an aggrecan-OH-SAM micropatterned
sample. (b) Lateral versus applied normal force (mean ± SD, n = 8 different lo-
cations), 95% confidence interval of p < ±0.01, estimated via least-squares linear
regression (LSLR), R2 > 0.92 for all IS. (c) Lateral force versus total height H of two
aggrecan layers. (d) Lateral force versus normal strain en. (e) Lateral force versus es-
timated ratio of GAG spacing to Debye length. Each data point in (c)-(e) represents
one lateral scan. (f) Lateral proportionality p versus lateral tip displacement rate
(mean ±95% confidence interval at n = 8 different locations via LSLR, R2 > 0.88 for
all data). Open circles denote p measured via an OH-SAM tip at 0.1 M IS, adapted
from Han et al. [62] (R2 > 0.81 for all data). Effects of displacement rate (one-way
ANOVA, p < 0.0001 at all IS) and IS (two-way ANOVA, p < 0.0001) are significant.
Experiments performed in NaCl, pH n 5.6.
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Figure 4-2: Comparison of lateral proportionality p versus lateral tip displacement
rate (mean ±95% confidence interval at n = 8 different locations via LSLR by pooling
the data) at 0.001 M IS, measured via both the OH-SAM and aggrecan functionalized
probe tips. R 2 > 0.87 for the shear of one single layer, and R2 > 0.88 for the shear
of two opposing layers. Effect of displacement rate is significant for the shear of two
opposing layers (one-way ANOVA, p < 0.0001) and nonsignificant for the shear of
one single layer (one-way ANOVA, p > 0.05). Data measured by the OH-SAM tip is
adapted from Han et al. [62], for comparison.
nisms of deformation [28]. One possibility is interpenetration of aggrecan layers which
is expected to increase the degree of molecular mobility compared to the single layer
system in which lateral deformation is more restricted by the use of a hard-wall probe
tip. Secondly, the local z-dependent charge density distribution for opposing layers
would be altered compared to a single layer system with the highest charge density in
the region of interpenetration. Together, these effects could result in less resistance
to shear deformation of each aggrecan macromolecule. At the same normal strain
En (Figure 4-1d), lateral forces at different IS did not vary as markedly as those of
the single layer [62], Figure 4-2, further suggesting that conformational mobility is an
important determinant of lateral resistance. Lateral force increased significantly with
lateral displacement rate at 0.001 - 1.0 M IS (Figure 4-1f). Rate-dependent mech-
anisms may include viscoelastic processes such as molecular friction between chain
segments, molecular reorientation/reconfiguration, and possible interpenetration and
entanglement of adjacent aggrecan. Poroelastic rate processes could occur, related
to local fluid flow within and through the aggrecan molecules. With increasing IS,
nonelectrostatic components become relatively more important, consistent with our
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observation that the rate dependence was more pronounced at higher IS. In contrast
to Figure 4-1f, the lateral linearity coefficient for a single layer of aggrecan at 0.001
M IS did not show rate dependence [62]. This difference is consistent with the possi-
bility of interpenetration of the two opposing aggrecan layers where nonelectrostatic
interactions would be important even at low IS. Adhesion-related friction mechanisms
[149] appear to contribute minimally to shear resistance, as adhesion between the two
opposing layers became important only when the layers were held in contact stati-
cally for sufficient time to equilibrate. We found previously that rapid detachment of
the two layers resulted in negligible adhesion compared to the measured shear force
[61]. Here, no surface equilibration time was allowed during scanning and, as a result,
adhesions between opposing layers were small.
We then studied the effect of physiologically relevant calcium concentration on
the shear behavior of opposing aggrecan layers ([Ca 2+ ] - 2 - 4 mM in synovial fluid
[99]). Addition of divalent ions can also decrease electrostatic interactions in biological
polyelectrolyte systems [57]. The experiments of Figure 4-3 were performed using a
buffer of NaCl + CaC12: [Cl-] was maintained at 0.15 M and as CaCl2 was added,
NaCl was decreased accordingly. Increasing [Ca 2+] from - 0 to 0.2 to 2 mM caused an
increase in p (Figure 4-3a); however, further increases in [Ca 2+] from 2 to 75 mM did
not change p. The presence of Ca 2+ is thought to enhance electrostatic screening by
its valence and preferential distribution closer to GAGs than monovalent ions [121].
Thus, the increase in f with initial addition of Ca2+ (Figure 4-3a) is consistent with
the trend seen with increasing [NaCl] in Figure 4-lb. In addition, however, Ca2+ (but
not Na+) can simultaneously neutralize negative charge groups by binding to both
the carboxyl and sulfate moieties along the GAG chains within each of the aggrecan
layers [95, 78]. Together, the screening and binding effects of Ca 2+ can both lead to
compaction of the two aggrecan layers, as seen in the decreased height at any given
normal force (Figure 4-3b). This decreased height is equivalent to a decrease in the
compressive stiffness of the combined opposing layers.
Interestingly, at a given height, aggrecan shear resistance was approximately the
same at any [Ca 2+] in the 0.2 to 75 mM range, though greater than 1 M NaCl
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Figure 4-3: (a) Lateral versus applied normal force (mean ± SD, n = 8 different
locations), pt = 0.05 at 0.2 mM [Ca 2 +] and 0.12 at 2 - 75 mM [Ca2+], 95% confidence
interval of p < +0.01 via LSLR, R 2 > 0.97 for all [Ca2+]. (b) Aggrecan total height
H versus applied normal force (n = 8, SD < data size). (c) Lateral force versus height
H. (d) Lateral force versus estimated ratio of GAG spacing to Debye length. In (c,d)
each data point represents one lateral scan. Experiments performed in NaCl + CaCl2
solutions with [Cl-] = 0.15 M, varying [Ca 2+ ] and [Na+]; pH '- 5.6. Data at 0.1 M
NaCl in (b) is adapted from Dean et al. [28], for comparison.
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(Figure 4-3c). These data are replotted as a function of the ratio of GAG spacing to
Debye length, as calculated for multivalent electrolyte solutions (Figure 4-3d) [121];
again, lateral force appeared insensitive to added [Ca 2+ ] in the 0.2 - 75 mM range.
Electrostatic double layer repulsive interactions are similar at a constant value of
this ratio under certain limiting conditions [62, 121]. Since increased screening would
decrease long range electrostatic contributions to shear resistance at constant height
and constant GAG spacing-to-Debye length ratio (Figure 4-3c,d) [88], the non-specific
screening effects associated with Ca 2+ appear less important. Binding effects appear
to saturate at [Ca2+] - 2 mM (Figure 4-3a,b), consistent with the reported values
of binding constants of Ca2+ to GAGs [35, 138]. Taken together, binding of Ca2+ to
GAGs affects both aggrecan compressive and shear mechanical properties, consistent
with the known effects of Ca2+ on cartilage tissue mechanics [57, 35]. Adhesive
interactions due to Ca 2+-bridging between the two opposing aggrecan layers had
minimal effect on aggrecan shear in the present study, since the constant displacement
rate does not allow the surface equilibration times (approximately seconds) necessary
for adhesions between aggrecan to occur [61].
In vivo, up to - 100 aggrecan molecules are end-attached to hyaluronan filaments
forming supramolecular aggregates enmeshed within a three-dimensional-collagen net-
work [65, 99]. Deformation and interactions between adjacent aggrecan occur within
native cartilage as the tissue deforms during joint loading. While the two-dimensional-
end-attached aggrecan layer configuration used here is not identical to that within
cartilage, our use of an aggrecan packing density within the physiological range [99]
enables this system to replicate certain features of bulk tissue deformation, providing
molecular-level insights into cartilage material properties. For example, joint loading
results in a combination of cartilage compression and shear, and their simultaneous
effects on densely packed aggrecan can be studied with the present system (Figures
4-1,4-3). Importantly, our nanoscale shear studies of opposing aggrecan layers demon-
strate molecular-level rate and Ca 2+ dependent properties which are consistent with
macroscopic poro-viscoelastic tissue properties [57, 138], suggesting their importance
to biomechanical functions.
4.4 Conclusions
In this study, shear deformation mechanisms of two opposing aggrecan layers demon-
strated both electrostatic (elastic-like) and nonelectrostatic (rate-dependent) interac-
tions, and nonelectrostatic effects became more important at higher IS due to Debye
screening. Lateral interactions between two aggrecan layers exhibited smaller shear
resistance than that with a single layer [62], and significant rate dependence was ob-
served at all IS tested. The presence of Ca2+ ions significantly increased aggrecan
shear resistance by reducing its normal compressibility, while the contribution from
ion bridging-induced adhesion was minimal at rates of interest here.

Chapter 5
Cartilage Aggrecan Can Undergo
Self-Adhesion
Here, we report that aggrecan, the highly negatively charged macromolecule in the
cartilage extracellular matrix (ECM) undergoes Ca2+-mediated self-adhesion (due to
both chemical and physical interactions) after static compression even in the presence
of electrostatic repulsion in physiological-like solution conditions. We propose a new
hypothesis that aggrecan self-adhesion, and the macromolecular energy dissipation
that results from this self-adhesion, could be an important factor contributing to the
self-assembled architecture and integrity of the cartilage ECM in vivo.
5.1 Introduction
It has long been hypothesized that intra- and intermolecular electrical double layer
and steric (e.g., entropic, excluded volume) repulsive interactions between the densely
packed, highly negatively charged glycosaminoglycans (GAG) of aggrecan [65] (Figure
5-la-c) are critical determinants of the unique biomechanical properties of cartilage
tissue, in particular its compressive [165] and shear [83] stiffness. This hypothesis was
initially developed based on the known molecular structure and chemical composition
of aggrecan (first determined in the 1970s [109] and later imaged directly by Ng et
al. [110]) and then confirmed by the measurement of tissue-level biomechanical prop-
erties of cartilage having varying GAG contents [99] and in different electrolyte solu-
tion conditions [83, 37]. It has been suggested that aggrecan also plays a critical role
within connective tissues by protecting the collagen fibrillar network, within which
it is embedded, from proteolytic degradation [125] as well as mechanical overload
[67]. Only with recent nanotechnological advances have the local molecular interac-
tions between aggrecan and their constituent GAG chains been directly quantified
using biomimetic model systems, new surface patterning methodologies, high resolu-
tion force spectroscopy instrumentation, and Poisson-Boltzmann based electrostatic
molecular-level continuum and atomistic-level modeling [27, 28, 63, 62, 4]. These
studies have elucidated the molecular origins of biomechanical properties by showing
that nanoscale trends in the biomimetic aggrecan systems are reflected in macroscale
tissue-level behavior, e.g., the dependences of nanomechanical properties on bath ionic
strength, calcium ion concentration, and displacement rate. Previous work has fo-
cused on the effects of molecular-level repulsive forces during compression and shear of
aggrecan [27, 28, 63, 62]. Surprisingly, we have discovered and report here for the first
time, that aggrecan macromolecules can also undergo self-adhesion and energy dissi-
pation under certain conditions even in the presence of strong electrostatic repulsion,
e.g., if they are compressed together for a sufficient amount of time. Recent studies
have recognized the importance of binding interactions between aggrecan with a va-
riety of extracellular matrix (ECM) and pericellular matrix (PCM) macromolecules,
including the collagens, small proteoglycans, and other glycoproteins in the organi-
zation and stability of the aggrecan-rich matrix [30, 92]. Carbohydrate-carbohydrate
binding has been proposed as critical to cell recognition and adhesion [140], signal
transduction [82], and the compaction process of preimplantation embryos in mam-
mals [60]. Certain carbohydrates (e.g., sponge-like) have also been shown to undergo
self-interactions due to both non-specific [117] and/or specific binding [124]. Here,
we propose a new biological function; that self-adhesion and energy dissipation of ag-
grecan, as well as other ECM and PCM components, could also be a factor in ECM
assembly, organization, and physiological function. In this study, we quantify the
self-adhesion forces and energies for two well-defined chemically end-grafted aggrecan
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Figure 5-1: (a) Schematic of major load-bearing constituents of cartilage extracel-
lular matrix, including the type II collagen network and proteoglycan (aggrecan).
Aggrecan macromolecules are attached to hyaluronan and stabilized via link protein.
(b) Schematic of cartilage aggrecan cylindrical brush-like structure (contour length,
LC - 400 nm, molecular weight - 3 MDa) [110], which is composed of a core protein
backbone (cp) containing three globular domains (G1, G2, G3), grafted chondroitin
sulfate glycosaminoglycan chains (CS-GAG, Lc - 40 nm, shown as C4S-GAG) with
interchain spacing - 2 - 4 nm along the cp, and keratan sulfate GAG (KS-GAG)
chains; N = N-terminal, C = C-terminal. (c) Tapping mode AFM image of 2D-closely
packed fetal epiphyseal aggrecan on atomically flat mica surface at a density that is
- 40x less than its physiological concentration in cartilage (adapted from Ng et al.
[110]).
layers at physiologically relevant packing densities using colloidal force spectroscopy
(Figure 5-2a, see Methods), involving _ 103 aggrecan molecules, as a function of
displacement rate, compression time, bath ionic strength (IS) [NaCl], and calcium
concentration.
5.2 Methods
Purified fetal bovine epiphyseal aggrecan was chemically end-functionalized with
thiol-groups and end-attached on a planar gold-coated silicon substrate at a physiologic-
like packing density (- 25 nm intermolecular spacing as previously described, equiv-
alent to - 40 mg/mL at 0.1 M IS, as measured via dimethylmethylene blue dye
Aggrecan
I
assay) [27]. Gold-coated spherical colloidal AFM probe tips (end radius R , 2.5
jpm, spring constant k r- 0.12 N/m, BioForce Nanosciences, Ames, IA) were func-
tionalized with a neutral hydroxyl-terminated self-assembled monolayer (OH-SAM,
11l-mecaptoundecanol, HS(CH2)110H, Aldrich, St. Louis, MO) or end-attached ag-
grecan layer, Figure 5-2a. Aggrecan layer height measured via contact mode AFM in
NaCl aqueous solutions suggest the presence of the end-attached aggrecan monolayer,
rather than multilayers or other conformations [27, 28]. Colloidal force spectroscopy
was performed in 0.001 - 1.0 M NaCl aqueous solutions at pH - 5.6, in which the
sample was moved towards the cantilever probe tip (approach) and then after contact,
moved away from the cantilever probe tip (retract), using both the OH-SAM and ag-
grecan functionalized tips. Retraction of the z-piezo was carried out after a surface
dwell time (- 0 - 30 sec) at a constant normal force (Fm, - 50 nN) and z-piezo
displacement rate (z = 4 pm/s). In another series of experiments, F,,a was varied
between - 10 - 60 nN at t = 5 s and z = 4 pm/s; z was also varied between 0.1 - 10
tpm/s at t = 1 s and F,,ax 45 nN. Similar experiments were performed using the
aggrecan functionalized tip with NaCl + CaC12 aqueous solutions at varying desired
[Ca 2+], but varying [Na +] to maintain a constant [Cl-] = 0.15 M. The adhesive in-
teraction distance Dad, maximum adhesion force Fad and adhesive interaction energy
Ed were recorded from each force-distance curve (Figure 5-2a).
5.3 Results and Discussion
Aggrecan self-adhesion was observed given sufficient surface dwell or equilibration
hold time (- seconds) at a constant compressive load for ionic strengths ranging from
0.001-1.0 M NaCl, pH - 5.6 (including near physiological solution conditions of 0.1 M
NaC1, pH - 5.6) for both neutral hydroxyl-terminated self-assembled monolayer (OH-
SAM) and aggrecan-functionalized colloidal probe tips versus aggrecan-functionalized
planar surfaces. Figure 5-2a shows typical force versus tip-sample separation distance
datasets on approach (i.e., loading; colloidal probe tip advancing towards the planar
surface) and retract (i.e., unloading; colloidal probe tip moving away from the pla-
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Figure 5-2: (a) Schematic of high resolution force spectroscopy (HRFS) reported
in this chapter depicting the interactions between a functionalized planar substrate
with end-grafted aggrecan and a hydroxyl-terminated monolayer (OH-SAM) func-
tionalized probe tip or an aggrecan end-grafted colloidal probe tip. (b) Comparison
of HRFS force-distance curves obtained via OH-SAM and aggrecan functionalized
colloidal probe tips on aggrecan end-grafted planar substrates (1.0 M NaCl aqueous
solution, surface dwell time, t = 30 s, maximum compressive force, F,,ax , 45 nN,
z-piezo displacement rate, z = 4 pm/s). Data for different experiments carried out
at ten different locations are shown for each probe tip. Inset: definition of the ad-
hesive interaction distance, Dad, the maximum adhesion force, Fad, and the adhesion
energy Ead from each pair of approach-retract force-distance curves. Statistically
significant differences were observed for Fad of OH-SAM versus aggrecan tips com-
pared to aggrecan-functionalized probe tips (ANOVA, p < 0.001)). (c) Histogram of
Ead obtained via OH-SAM and aggrecan-functionalized colloidal probe tips on aggre-
can end-grafted planar substrates (1.0 M NaCl aqueous solution, surface dwell time,
t = 30 s, maximum compressive force, Fmax, 45 nN, z-piezo displacement rate, z = 4
Am/s).
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nar surface) for both the OH-SAM and aggrecan-functionalized probe tips at 1.OM
NaC1, pH - 5.6 (the solution conditions which exhibited the strongest and longest
range adhesive interactions due to salt screening of the electrostatic double layer re-
pulsion forces). Here (Figure 5-2a), a long-range nonlinear attractive force profile was
observed on retract with jagged contours, indicating extension of multiple bridging
macromolecular chains, where the range of these adhesive forces is observed to be
much greater than the expected range for van der Waals interactions [81]. The maxi-
mum force on loading, F,,,a, was - 10-60 nN which imparted compressive molecular
strains of - 20 - 50% (relative to initial layer height at - 0 nN compression [62])
which results in a similar aggrecan molecular compaction as that found within non-
loaded cartilage in vivo [28, 162]. The maximum adhesive interaction distance, Dad
(Figure 5-2a), measured by the OH-SAM-functionalized colloidal probe tip (1.0 M,
pH - 5.6) was 410 ± 100 nm, which agrees well with the known contour length of
fetal epiphyseal aggrecan, L, = 398 ± 57 nm [110]. Dad obtained using the aggrecan-
functionalized colloidal probe tip (1.0 M, pH - 5.6) was measured to be 755 ± 145
nm, which ; 2 x Le of aggrecan, demonstrating that the adhesive interactions were in
fact between two opposing end-attached aggrecan layers, as opposed to the tethering
of aggrecan to the underlying substrate. The adhesion force, Fad, was defined as the
maximum force observed on retraction, and the adhesion energy, Ead, was defined
as the area under the retraction force versus tip-sample separation distance profile
(Figure 5-2a).
The carbohydrate-carbohydrate interactions between GAG side chains of aggre-
can macromonomers are a balance between a number of possible non-covalent interac-
tions, including attractive secondary intermolecular interactions (e.g., van der Waals
contacts, hydrophobicity, hydrogen bonding) [87], physical entanglements resulting
from chain diffusion and interpenetration [160], interactions with multivalent cations
if present and repulsive interactions (e.g., electrostatic), and repulsive configurational,
translational and rotational entropic penalties, hydration effects and local steric hin-
drance [127]. Each CS-GAG chain contains - 40-50 disaccharide units [110] in which
both polar groups (three hydroxyl, one carboxyl and one sulfate) and nonpolar groups
(one methyl, two sugar rings) are present (Figure 5-1b) [109, 140]. Hydrogen bonds
could occur between the -OH, -COOH, -COO- and -OSO groups (pKa of GAG
carboxyl ~ 3 in aqueous solutions [21]). In addition, nonpolar patches along CS-GAG
chains can lead to possible van der Waals and hydrophobic interactions [135], Figure
5-3a. It is known that GAG chains have an extended conformation (persistence length
, 20 nm [110]) due to the limited mobility present in the glycosidic linkage torsions
and intermolecular electrostatic interactions [4, 49, 71, 39], and hence, the confor-
mational entropic penalty is expected to be minimal (relative to a random coil) and
counterbalanced by the favorable enthalpic decrease from other attractive interactions
(e.g. hydrogen bonding, van der Waals, hydrophobicity etc.). Carbohydrate-protein
interactions between GAGs and the aggrecan core proteins may also contribute to
the aggrecan self-adhesion [109]. However, due to the fact they are surrounded by
densely packed GAGs, the binding with protein is most likely unpreferable. It is cur-
rently unknown whether the specific complimentarity between GAG segments exist,
as has been proposed for glycans [123]. Self-adhesion results in energy dissipation (as
reflected by approach-retract hysteresis) due to entropic penalties due to extension of
bridging macromolecular chains on retract.
For the OH-SAM functionalized probe tip, adhesion may originate from short-
range noncovalent binding between functional groups along aggrecan molecular seg-
ments and the OH-SAM, e.g., hydrogen bonding between GAG -OH, -COOH,
-COO-, -OSO and the OH-terminal groups on the SAM, and/or van der Waals
interactions. The increased net adhesion with aggrecan-functionalized probe tips rel-
ative to OH-SAM functionalized probe tips (Figure 5-2b,c and Figure 5-3) can be
attributed to both chemical and physical factors. Firstly, there is stronger hydrogen
bonding between the two aggrecan layers (-COO- versus -COOH, -COOH versus
-COOH, -OSO versus -COOH) [155] compared to that between the aggrecan layer
and OH-SAM probe tip. Secondly, it is possible for interpenetration between oppos-
ing aggrecan macromolecules and their GAG branches to occur during compression
[110, 28], which results in a larger number of molecular contacts. Additional physical
adhesive interactions for the two opposing aggrecan layers include macromolecular
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Figure 5-3: (a) Schematic of possible hydrogen bonding (dashed arrows) and hy-
drophobic interaction (brand arrows) between CS-GAG chains in the presence of
water molecules. (b) - (e) Maximum adhesion forces, Fad (open symbols) and total
adhesion energy, Ead (closed symbols) as a function of surface dwell time, t between
an OH-SAM and an aggrecan-functionalized planar substrate (b, c) and two aggrecan
end-grafted layers (d, e) in 0.001 - 1.0 M NaC1, pH - 5.6 (F,,,max 45 nN, z - 4
pm/s; mean - SEM, n > 30 for each surface dwell time t at each ionic strength).
Statistically significant differences were observed for Fad and Ead at different surface
dwell times t and different IS measured by both OH-SAM and aggrecan probe tips
(two-way ANOVA, pt < 0.0001, ps < 0.0001).
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entanglements between the two layers.
Figure 5-3 shows the dependence of aggrecan self-adhesion on surface dwell (equili-
bration) hold time, t, at a constant compressive load and salt concentration [NaCl] for
both the OH-SAM and aggrecan-functionalized probe tips versus the aggrecan func-
tionalized planar surfaces. The nonlinearly increasing adhesion force and energey
with t for both the OH-SAM and aggrecan-functionalized probe tips (Figure 5-3) is
attributed to the time-dependent increase in the number of molecular interactions,
which may be facilitated by the configurational rearrangement of aggrecan macro-
molecules. The trend observed in Figure 5-3 has been observed for many different
non-macromolecular systems (e.g., silica versus silicon, and silica versus mica); how-
ever, the equilibration time to reach plateau values of Fad and Es, in those systems
is typically - 1 - 2 seconds (s) [85], which is shorter than that observed for aggrecan
(, 5 s). The time to reach plateau values of Fad and Ead was found to be similar for
the OH-SAM functionalized and aggrecan-functionalized probe tips, indicating that
the introduction of the second macromolecular layer (on the colloidal probe tip) did
not delay the formation of adhesive interactions. As observed in Figure 5-3b,c, there
is minimal adhesion between the OH-SAM functionalized probe tip and aggrecan at
the lower ionic strengths (0.001 -0.01 M NaC1) in the presence of strong electrostatic
double layer repulsion. The larger adhesion observed between two opposing aggrecan
layers at these lower salt concentrations, Figure 5-3d,e, could be the result of both in-
creased regions of molecular contact between two aggrecan layers, stronger molecular
interactions, and the presence of physical adhesive interactions, e.g., molecular entan-
glements. As the ionic strength is increased, the electrostatic double layer repulsion
is screened as reflected in a decrease in the electrical Debye length, both resulting in
a decrease in CS-GAG molecular spacing [28].
In the presence of Ca2+, the adhesive interaction energy Ead experienced a - 4
fold increase from 0 to 75 mM CaC12 at fixed [Cl-] = 0.15 M (Figure 5-4). This
significant increase, even at the near physiological [Ca 2+] = 2 mM, could be due ion-
bridging effects associated with the presence of multivalent ions [23], as it is known
that one Ca2+ can bind electrostatically between two monovalent negative charges on
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Figure 5-4: (a) Maximum adhesion forces Fad (open symbols) and (b) total adhesion
energy Ead (closed symbols) as a function of surface dwell time t between two op-
posing aggrecan layers in NaCl + CaC12 solutions, [Cl-] = 0.15 M at varying [Ca 2+]
concentration, pH - 5.6 (z - 4 pm/s, Fmax - 45 nN; mean + SEM, n > 30 for each
surface dwell time t at each IS). Statistically significant differences were observed for
Fad and Ead at different different [Ca 2 +] (two-way ANOVA test, p < 0.0001). (c)
Schematic of aggrecan self-adhesion due to Ca2+-mediated ion-bridging, and energy
dissipation of the Ca2+-ion-bridges upon mechanical elongation of GAG side chains
upon loading (not drawn on scale). (d) Schematic of one possible [Ca 2+]-mediated
ion-bridging mechanism between CS-GAGs via the carboxyl groups.
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Figure 5-5: Total adhesion energy Ead as a function of (a) maximum compressive
force Fm and (b) z-piezo displacement rate between two opposing aggrecan layers
in 0.1 M NaC1, pH - 5.6 (For (a) t = 5 s, z , 4 pm/s; mean ± SEM, n > 30 for each
Fmax, one-way ANOVA p > 0.05; (b) t = 1 s, F,,m = 45 nN; mean ± SEM, n > 30
for each z, one-way ANOVA p > 0.05). The trends observed at other ionic strengths
are similar.
the GAG side chains [95, 78] and the core protein [131] from two opposing aggrecan
molecules, Figure 5-4d. This Ca 2+-mediated binding mechanism is also known to oc-
cur between other biological molecules. For example, the carbohydrate-carbohydrate
interactions between trisaccharide Lewis X is relevant to cell-cell adhesion [24], and
the adhesion between type I collagen and other noncollagenous biomacromolecules
(e.g. osteopontin) in bone is an essential contributor to the mechanical properties
of bone [44]. Even a small amount of Ca 2+ ([Ca 2+ ] r 1 - 2% of [Na+]) can lead to
large energy dissipation [44] upon mechanical deformation induced molecular strain
of the aggrecan network (Figure 5-4c) corresponding to physiological range (- 70%
increase in E,d at 2 mM, Figure 5-4b). Besides affecting self-adhesion of aggrecan,
here, the presence of Ca2+ directly changes aggrecan compressive and shear properties
by neutralizing the negative charges along GAG side chains [63].
There was no significant effect of maximum compressive force Fma, in the range
of ~ 10 - 60 nN (corresponding to the molecular conformation of aggrecan in vivo
[281) on the measured adhesion energy for both the OH-SAM functionalized (data not
shown) and aggrecan functionalized colloidal probe tips (Figure 5-5a). The loading-
unloading z-piezo displacement rate (0.1 - 10 pm/s) also did not significantly affect
the measured adhesion energy (Figure 5-5b), suggesting that aggrecan behaves in
an elastic-like (non-rate dependent) manner in this range of loading rates, consistent
with previous measurement of aggrecan compressive properties in the same range of
displacement rates [28]. This negligible dependence of adhesion on displacement rate
suggests that the applied unloading rates (- 0.5 - 50 pN/s per pair of aggrecan) are
within the range of quasi-equilibrium conditions. In the unloading rate range far from
equilibrium, rupture forces measured in interaction force experiments depend loga-
rithmically on loading rates [40, 102], as observed in other similar systems that test
the binding forces between single or a few biological molecules, such as hyaluronan
versus hyaluronan binding protein [94], and biotin versus streptavidin [102]. Inde-
pendence of unloading rate has been observed for other molecules in which the ex-
periments were carried out under quasi-equilibrium conditions [171, 3, 168, 134] (e.g.,
unbinding of ureido-4[1H]-pyrimidinone dimmers (UPy) 2 in hexadecane at 330K at
, 104 _ 105 pN/s unloading rate [171] and 6-ferrocenylhexanethiol (C6Fc) and thiol-
functionalized 2-mercaptoethanol (C20H) in Milli-Q water at - 103-106 pN/s [168]).
The z-piezo displacement rates used in the present study (0.1 - 10 pm/s) correspond
to the range consistent with known quasi-equilibrium macroscopic behavior of car-
tilage [28], suggesting that aggrecan self-adhesion can occur within cartilage under
quasi-equilibrium conditions.
Our experimental setup was designed to be as close as possible to physiological
conditions; the 2-dimensional chemical end-grafting of aggrecan onto a planar gold
surface simulates the 3-dimensional binding of aggrecan to hyaluronan via its G1
domain, the corresponding strain and aggrecan packing density at Fma- , 10 - 60
nN are consistent with aggrecan molecular concentration in vivo [28], the loading-
unloading rate (0.1 - 10 pm/s, or - 10 - 1000 ms) covers the time scale of joint
loading (within 10 - 150 ms) [139], and the aqueous solution (IS = 0.15 M, [Ca 2+]
= 2 mM) mimics in vivo ion concentrations (IS = 0.15 M, [Ca 2+] - 2 - 4 mM)
[99]. The self-adhesion forces, Fad, and energies, Ead, reported in this study, which
involved large, well-defined assemblies of r- 103 aggrecan macromolecules, were highly
repeatable (as indicated by the relatively low standard error values, Figures 5-3 -
5-5) and did not have the additional complexities that need to be considered in
single molecule binding measurements, such as nonspecific surface interactions, multi-
bridging macromolecules, and the effect of molecular linkers [164]. To summarize, we
have discovered that two opposing aggrecan layers, when compressed together for a
sufficient amount of time (seconds), can undergo self-adhesion (up to 5 nN forces or
±1 pN per aggrecan pair) which enables the extension of the macromolecular chains
and, correspondingly, a large energy dissipation (up to 1.5 fJ) even in the presence of
strong electrostatic double layer repulsion. Aggrecan self-adhesion was found to be
highly dependent on the time of compression (0 - 30 s), as well as [NaCl] = 0.001 - 1
M and [Ca 2+] = 0 - 75 mM concentrations, but independent of the displacement rate
(0.1 - 10 pm/s) and compressive load (10 - 60 nN) in the ranges tested. Our results
are consistent with the known characteristics of other carbohydrate - carbohydrate
interactions, time-dependent formation of interactions, and a strong dependency on
divalent cations [Ca2 +] [123, 69]. Aggrecan self-adhesion may have both chemical (e.g.,
van der Waals, H-bonding) and physical (i.e. molecular entanglements) contributions.
In the presence of Ca2+ (also present in vivo), ion-bridging could be another important
factor that contributes to self-adhesion.
The estimated average binding force between one pair of opposing aggrecan at IS
= 0.15 M, [Ca2+ ] = 2 mM (Figure 5-4a), is - 1 pN; however, since adhesion may only
occur between a fraction of the total aggrecan ensemble, this value should be taken as
a lower limit. It should be noted that the estimated aggrecan-aggrecan - 1 pN binding
force is much weaker compared to experimentally measured single molecule binding
forces involving other ECM proteoglycans, e.g., hyaluronan/aggrecan G1 core protein
domain (40 ± 11 pN) [94], decorin/decorin (16.5 ± 5.1 pN), type IX collagen/biglycan
(, 15 pN) [19], type I collagen/decorin (core protein) (54.5 ± 20 pN), and type I
collagen/decorin (GAG side chain) (31.9 ± 12.4 pN) [167]. Two differences between
these experiments measuring single- or double-molecular interactions and the data
presented here on adhesion between two opposing aggrecan are as follows: firstly,
aggrecan-aggrecan intermolecular interactions within each of the layers could affect
local binding interactions; secondly, the maximum compressive load for a single pair
of aggrecan monomers within the densely packed layers is much less than the single
molecular interactions on lower grafting density surfaces.
5.4 Conclusions
Based on these experimental results, we propose a new hypothesis that aggrecan
self-adhesion and the resulting energy dissipation could be an important factor con-
tributing to the self-assembled architecture and integrity of the cartilage ECM in vivo.
Even though the magnitude of the self-adhesion forces is at least an order of mag-
nitude smaller than the repulsive forces arising from the electrostatic double layers
between aggrecan GAGs, the multiplicity of interactions existing within the aggrecan
moiety would result in a large reservoir for energy dissipation through the rupture of
reversible self-adhesion interactions [44], and hence, could protect the fine collagen
meshwork upon repeated joint loading or impact. This hypothesis is supported by the
self-assembly of glyconanoparticles in vitro due to similar carbohydrate-carbohydrate
interactions [25]. Additionally, adhesive interactions between ECMs constituents are
critical for ECM assembly and play essential roles in overall tissue organization and
the proper tissue physiological function [59]. For example, the reversible sacrificial
bonding of osteopontin in bone is thought to act as an adhesive layer between the
mineralized collagen fibrils and to be responsible for significant amounts of tensile
strength at specific locations [43]. It is known that aggrecan can bind to other ECM
macromolecules, for example, to hyaluronan via its G1 domain in the presence of link
protein, which is essential for the construction of the proteoglycan aggregate motif
in vivo [66, 74]. Aggrecan also interacts with type II collagen fibrils via its keratin
sulfate GAG chains, which is thought to contribute to the structural integrity of the
aggrecan aggregate [73]. In addition, aggrecan can bind to fibulin-2 via the C-type
lectin in its G3 domain [115], and the CD44 protein on the cartilage chondrocyte cell
via its GAG chains in the presence of Ca2+ to stimulate specific biological interactions
[52].
Chapter 6
Time-Dependent Cartilage
Nanomechanics and the Relation
to the Nanostructure of its Type II
Collagen Network
6.1 Introduction
Articular cartilage is a dynamic biological tissue composed of two major components,
aggrecan and collagen, that serves as a load-bearing material in the joint. Cartilage
is known to exhibit poroelastic behavior at the tissue level, and the solid matrix
of cartilage also exhibits intrinsic viscoelastic properties [97]. Previous nanoinden-
tation studies on cartilage have focused on the effect of enzymatic digestion [143],
osteoarthritis [86] and tissue repair [32] on cartilage nanoscale mechanical proper-
ties. Other nanomechanical studies on cartilage ECM components have unveiled the
interactions between opposing aggrecan, indicating a critical role of electrostatic in-
teractions from their highly negatively charged GAG branches [28]. The contribution
and structure of the collagen II network to the mechanical properties of cartilage is
explored in this work. To better understand the molecular mechanisms underlying
the biomechanical behavior of cartilage and its constituent collagen network, here we
report the time-dependent nanomechanical behavior of intact and proteoglycan (PG)-
depleted cartilage using AFM-based force indentation, force relaxation and dynamic
oscillatory experiments. In addition, tapping mode AFM (TM-AFM) imaging was
used to study the nanoscale structures of the type II collagen network, obtained by
enzymatic digestion of the proteoglycan content of bovine cartilage discs. By isolat-
ing the collagen II network in its physiological/original orientation and structure, it
was possible to explore its nanostructure and through nanomechanical tests, describe
its contribution to the mechanical properties of cartilage. The goal of this work is
to relate the molecular structure of the ECM macromolecules to the nanoscale and
tissue level properties of cartilage.
6.2 Methods
6.2.1 Cartilage sample preparation
Cartilage disks (9 mm diameter x - 0.5 mm thickness) were harvested from the
intact surface and middle/deep zone of the femoropatellar groove of 1 - 2 weeks old
bovine calves by microtoming and maintained in 0.15 M sterile phosphate buffered
saline (PBS, without Mg2+ , Ca2+). Additional groups of disks from both zones were
digested with 1 mg/mL trypsin (0.15 M NaC1, 0.05 M Na 3PO4, pH - 7.2) for 24 hours
at 37°C, followed by 0.1 U/mL chondroitinase-ABC (0.15 M NaC1, 0.05 M Tris-HC1,
pH - 8.0) for 24 hours at 37°C, which resulted in loss of > 95% of matrix proteoglycan
(PG), as assessed by dimethylmethylene blue (DMMB) dye binding assay [45], leaving
the residual type II collagen network [20]. In a separate study, type I collagen fibrils
were extracted from rat tail tendon [56] and digested with trypsin and chondroitinase-
ABC as above, to remove PG constituents from the tendon fibril network.
6.2.2 Nanostructure of type II collagen fibrils
Native and proteoglycan-depleted cartilage disks from both the intact surface and
middle/deep zone were air-dried overnight. In a separate experiment, calf chondro-
cytes were seeded in 2% w/v alginate beads (- 3 mm diameter). On day 18 of
culture, the beads were depolymerized in 55 mM sodium citrate, gently releasing the
cells and their newly synthesized PCM. The cells with PCM were absorbed to cleaved
mica, dried in ambient conditions. Both samples were imaged via tapping mode in air
with a Nanoscope IIIA Multimode AFM (Veeco, Santa Barbara, CA) using Olympus
AC240TS-2 rectangular silicon cantilevers (R < 10 nm, nominal spring constant k -
2 N/m). Type I collagen fibrils from rat tail tendon was deposited on an atomically
flat mica surface and dried overnight, and imaged via the same probe tip as the con-
trol to distinguish different structural features between type I collagen fibrils and type
II collagen fibrils from bovine cartilage. Images from cartilage and rat tail tendon
were processed via Fast Fourier Transform (FFT) to quantify their banding patterns.
6.2.3 Cartilage nanoindentation and time-dependent nanome-
chanics
AFM-based nanoindentation was carried out on both the untreated and PG-depleted
disks from the middle/deep zone at a maximum load , 70 nN in 0.15 M PBS using
a Nanoscope IV AFM with a PicoForce piezo in the force-displacement mode (Veeco,
Santa Barbra, CA) in a given range of AFM piezo-displacement rates (0.1-10 pm/s).
As the PicoFoce piezo is close-looped in z-direction, the exact position of z-piezo and
cantilever deflection could be captured, enabling the quantification of indentation
force curves. Both standard nanosized pyramidal AFM probe tips (end radius R , 50
nm, NP tip D, silicon nitride, V-shaped cantilever, nominal spring constant k -
0.58 N/m, Veeco, Santa Barbara, CA) and microsized spherical colloidal probe tips
(R - 2.5 pm, k - 0.58 N/m, Bioforce Nanosciences, Ames, IA) were used. Both
were coated with 2 nm Cr and 50 nm Au, and then functionalized with a neutral
hydroxyl-terminated self-assembled monolayer (OH-SAM) by immersion in 3 mM
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Figure 6-1: (a) Schematic of experimental set-up on dynamic loading during ramp-
and-hold stress relaxation experiment on cartilage disks. (b) One pair of z-piezo
and cantilever displacement curves as a function of time during ramp-and-hold and
dynamic loading at 1 Hz applied frequency and - 4 nm z-piezo oscillation amplitude
on untreated cartilage sample using an OH-SAM functionalized colloidal probe tip.
(c) One random sampling of z-piezo and cantilever dynamic deformation data from
data shown in panel (b) in the range of steady state time scope (to - 35- 50 seconds).
HS(CH2)11OH ethanol solution for 24 hours to eliminate electrostatic interactions
arisen from probe tip surface. On each sample, at least 6 different locations were
indented, and 10 different curves were obtained at each location at a given z-piezo
displacement rate (0.1, 1, and 10 pm/s).
A ramp-and-hold tip stress-relaxation experiment was performed in the script
mode of the Nanoscope IV AFM. The probe tip was programmed to move towards
the surface at a given constant z-piezo displacement rate for - 2 - 2.5 Mm, and was
hold for 60 seconds before unloaded from the sample. The z-piezo displacement and
Z-piezo
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cantilever deflection were recorded as a function of time from 2 - 3 seconds before the
start of loading until - 1 second after unloading. As the z-piezo is not close-looped
in the script mode, a force-indentation was performed at a maximum given load ~ 85
nN (indentation depth N 1 - 1.5 im for untreated disk and - 1.5 - 2 ym for PG-
depleted disk) immediately before each of the ramp-and-hold experiment to keep the
maximum indentation force approximately constant.
An external sinusoidal electronic function generator was connected to the Pico-
Force piezo controller to enable the z-piezo movement in a sinusoidal fashion (Figure
6-1a). For each of the tested frequencies (1 - 1000 Hz) and cartilage deformation
amplitudes (,- 2 - 50 nm, corresponding to ,- 4 - 120 nm of z-piezo displacement),
dynamic oscillatory deformation of the z-piezo was enabled after 10 - 15 seconds
of loading during one ramp-and-hold experiment. Before applying to cartilage disks,
this system was calibrated by applying to a hard mica surface at the same frequencies
and amplitudes, as the control experiment to correct the system errors, which was
discussed in details in Appendix F. For each cartilage sample, the experiment was
performed on at least 6 different positions.
6.3 Data Analysis
6.3.1 Nanoindentation
First, the average of cantilever deflection (V) and z-piezo displacement (nm) was
calculated for the ten force-displacement curves collected at each z-piezo displacement
rate and indentation position. The contact point of the probe tip and was determined
by the position where the cantilever deflection signal exceeds five times the noise
level (the standard deviation) of deflection signals in the noncontact region. The
indentation depth was then calculated as the z-piezo displacement (nm) minus the
cantilever deflection (nm) with respect to the values at the contact point. Hertz
model has been widely used to estimate the dynamic material elastic modulus upon
indentation, for the spherical colloidal probe tip with end-radius R - 2.5 jIm on the
flat cartilage sample with thickness h >> R,
F =- E R1/2D3/2 (6.1)3(1- v2
where F is the indentation force, D the indentation depth, v the Poisson ratio of the
cartilage sample (v = 0.1 for the bovine cartilage [97]) and E the calculated elastic
modulus of cartilage disk. As the modulus of cartilage is highly nonlinear, especially
in the indentation depth range < 500 nm, the force-indentation curves were fit in
the upper 75% percent region of the loading curve with modified Hertz model, or the
power-law equation [116],
4 E
F = 4 E R1/ 2 (D - Df) 3 / 2  (6.2)
3 (1- v2)
where Df is the offset position where the good fit of Hertz model on the experimental
data was achieved via least squares nonlinear regression. Similar fitting was performed
on the force-indentation curves data achieved via the pyramidal nanosized probe tip
(R - 50 nm, tilted angle a - 350) [116],
iE
F = - tana(D- Df)2  (6.3)
2 (1 - v2 )
The mean and standard error of mean values of effective stiffness E were calculated
from the fit at different positions for both the untreated and PG-depleted disks.
6.3.2 Ramp-and-hold stress relaxation
For each pair of the ramp-and-hold stress relaxation time series data, the data cor-
responding to the loading (ramp) part was first analyzed in the same fashion as the
nanoindentation data to calculate the indentation depth and elastic effective stiffness.
The 60-second holding (stress-relaxation) part was then fit with the modified Hertz
model adding the 3-element spring and dashpot viscoelastic component using the
spherical probe tip [22],
4  E r -r t
F = R1/2(D - D1)3 /2(1 + - exp -- ) (6.4)3 (1 - 2)
where TE and r, are the relaxation time constant under constant deformation and
loading, respectively. The data from the first second after loading was excluded from
the fit. The same fitting process was applied to the data obtained via the pyramidal
probe tip to calculate the relaxation time constants,
ir E t
F = r- 2 ) tana(D - D1 )2 (1+ exp -- ) (6.5)2 (1 - v2)  -E
effective stiffness and relaxation time constants were estimated via the fit.
6.3.3 Oscillatory dynamic loading
Similar to the ramp-and-hold stress relaxation data, for each pair of the oscillatory
dynamic loading time series data at a given z-piezo deformation amplitude and fre-
quency, the data corresponding to the loading (ramp) part was first analyzed in the
same fashion as the nanoindentation data to calculate the indentation depth and
elastic effective stiffness. The time region corresponding to the steady-state dynamic
loading was then randomly sampled for 100 times (Figure 6-1b, c). Upon each sam-
pling, the amplitude and phase lag between the sinusoidal waves of oscillatory force
F and cartilage deformation D were calculated (for details, see Appendix F). To cal-
culate the dynamic oscillatory modulus, extended model was obtained by expanding
the Hertz model in the indentation depth D by a Taylor series [96],
F 4R1/2 ( E D3/2 +3 E D1/ 2 D) (6.6)
3 (1 - v2) 2 (1- v2 )
where E0 and E1 are the effective stiffness with respect to the zeroth and first or-
der expansion of the Taylor series, the higher ordered term was neglected as the
oscillatory deformation amplitude D is several orders of magnitude smaller than the
indentation depth D. Hence, the oscillatory dynamic modulus El was calculated from
the oscillatory part of the force and deformation data,
E1F 2 1 R1/2D1/2 (6.7)(1 - v2)
The same criteria was applied for the data achieved via the pyramidal probe tip,
E1F ( 1- 2 )DD tan a (6.8)(1 - v2)
6.4 Results
6.4.1 Collagen network nanostructure
The air-drying process resulted in a collapse of the cartilage solid collagen network,
hence the pore size and porosity of this scaffold in vivo could not be tested via
the tapping mode AFM imaging technique in air. However, the dehydration does
not change the inner structural features of the solid collagen fibrils, e.g. the fibril
diameter, hence the high resolution AFM imaging would provide valid information
on the nanostructural features of the type II collagen fibrils. Tapping mode images
of air-dried untreated cartilage in air did not yield clear characteristic nanostructures
due to the presence of both the proteoglycan (PG) constituents and the collagen fibrils
(Figure 6-2a). Enzymatic treatment with trypsin and chondroitinase-ABC revealed
collagen fibrils randomly oriented in the image plane of intact superficial zone and
middle zone disks, with fibril diameters - 80 ± 8 nm (Figure 6-2b, c), consistent with
previous reports on cartilage ultrastructure [109]. Different collagen alignment was
observed from the disks obtained from the cartilage intact surface and middle/deep
zone. As the collagen fibrils are randomly aligned in the three dimensions in the
middle/deep zone, and the microtoming sample preparation has trimmed the cartilage
fibrils (Figure 6-2b), the fibrils are randomly aligned in the two-dimensional-plane of
the cartilage surface (Figure 6-2c). The same banding structures are clearly observed
on both disks. Fourier transforms of the AFM images revealed a distinct - 23 nm
periodic banding substructure within these type II fibrils from cartilage (Figure 6-
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Figure 6-2: Tapping mode AFM amplitude images of (a) untreated cartilage disk from
middle/deep zone, (b) PG-depleted cartilage disk from the intact cartilage surface,
(c)PG-depleted cartilage disk from middle/deep zone, the disks were dried in air
before imaging via a shape silicon probe tip (R < 10 nm, k - 2 N/m, Olympus) in
air. (d) Fast Fourier Transform (FFT) of image (b).
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Figure 6-3: Tapping mode AFM amplitude images of type II collagen fibrils developed
in chondrocyte pericellular matrix (PCM) in vitro, the disks were dried in air before
imaging via a shape silicon probe tip (R < 10 nm, k - 2 N/m, Olympus) in air.
(b)
Figure 6-4: (a) Tapping mode AFM amplitude images of PG-depleted type I collagen
fibrils from rat tail tendon. The fibrils was deposited on a flat mica substrate and
dried in air before imaging via a sharp silicon probe tip (R < 10 nm, k - 2 N/m,
Olympus) in air. (b) FFT of image (a).
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Figure 6-5: (a) Force versus indentation depth curves using the OH-SAM function-
alized colloidal (solid lines, R - 2.5 pm, k ~ 0.58 N/m) and pyramidal (dashed
lines, R - 50 nm, k - 0.58 N/m) tips on untreated (green) and PG-depleted (red)
middle/deep zone cartilage disks, mean ± SEM, n > 6 different positions. (b) Es-
timated effective stiffness of untreated (squares) and PG-depleted (circles) cartilage
disks via Hertz model from force-indentation depth curves obtained in panel (a) us-
ing the spherical (closed symbols) and pyramidal (open symbols) tips, mean + SEM,
n > 6 different positions.
2d), which was also was clearly observed on newly synthesized cartilage pericellular
matrix type II collagen fibrils by calf knee chondrocytes in vitro, Figure 6-3, [111]. In
contrast, the predominant banding observed in rat tail tendon type I collagen fibrils
is - 67 nm (Figure 6-4), consistent with the well-known D-banding pattern [133]. As
the 67 nm D-banding pattern could be clearly observed via the same AFM imaging
technique on the proteoglycan depleted type I collagen fibrils (Figure 6-4), this 23
nm banding is not an artifact by the imaging process or proteoglycan depletion.
6.4.2 Cartilage nanoindentation and ramp-and-hold stress
relaxation
Nonlinear indentation behavior was observed for both untreated and PG-depleted
cartilage disks (Figure 6-5a), consistent with previous studies on cartilage nanoin-
dentation [143, 86] and compressive nanomechanics of aggrecan layers [28]. However,
the Hertz model fit within the top 75% of all the indentation force curves yielded
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Figure 6-6: (a) Illustration of one stress-relaxation force curve obtained via OH-SAM
functionalized colloidal probe tip on untreated cartilage sample and the fit using 3-
element model with one relaxation time constant by least squares nonlinear regression.
(b) Estimated stress relaxation constants under constant deformation 7, and load 7,,
for both untreated and PG-depleted cartilage disks using OH-SAM functionalized col-
loidal and pyramidal probe tips via 3-element stress-relaxation viscoelasticity model,
mean ± SEM, n > 6 different positions.
good fit (R2 > 0.98), suggesting the linear (constant effective stiffness) deformation
behavior in this applied force range. The effective stiffness, calculated using the
Hertz model [84], yielded E = 146 + 20 kPa for untreated, and E = 28 ± 3 kPa for
PG-depleted tissue via the colloidal probe tip at 1 pm/s z-piezo displacement rate,
Figure 6-5b. Significant lower modulus was observed on the untreated disk measured
by the pyramidal probe tip (E = 81 ± 8 kPa) compared to the colloidal probe tip
(two-way ANOVA, p < 0.0001), while there is no significant difference observed on
the PG-depleted disk with these two probe tips (E = 27 ± 3 kPa for pyramidal tip,
two-way ANOVA, p > 0.05). Significant increases of effective stiffness while increas-
ing the z-piezo displacement rate (0.1-10 Mm/s) was observed for both the untreated
and PG-depleted disks measured via both probe tips (nonparametric Friedman's test,
p < 0.05), although the magnitude of increase is smaller than the variation due to
the different indentation positions.
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Figure 6-7: Estimated effective stiffness of untreated (squares) and PG-depleted (cir-
cles) cartilage disks (thickness ~ 0.5 mm) measured via the OH-SAM functionalized
colloidal (closed symbols, R ~ 2.5 pm, k ~ 0.58 N/m) and standard nanosized
pyramidal probe tip (open symbols, R - 50 nm, k - 0.58 N/m) as a function of
deformation frequency (1 - 1000 Hz) at , 2 nm deformation amplitude, estimated
via Hertz model [96], mean ± SEM, n > 6 different positions.
Time-dependent poro-viscoelastic behavior was observed for both disks, as con-
tinuously decrease of force was observed during the 60-second holding process, Figure
6-6a. The 3-element viscoelastic model predicts good fit for the time t > 1 second
after loading. For 0 < t < 1 second, a good fit (R2 > 0.95 for all the data) could
be achieved by introducing an additional time relaxation constant via a 5-element
viscoelastic model, during which case, the faster relaxation time constant is - 1 sec-
ond, and most of the fitting errors are within first second after loading (data not
shown). These results suggest the spring-dashpot viscoelastic models predict the
stress-relaxation behavior of cartilage well in the longer time scope (> 1 second), but
not in the short time scope. Significant drop of the relaxation time constant was ob-
served after PG-depletion, measured by both the spherical and pyramidal probe tips
(Figure 6-6b). For the untreated cartilage disk, the pyramidal tip yielded no signifi-
cant difference of relaxation time constant (20.7 ± 1.4 sec) compared to the spherical
tip (22.1 ± 0.9 sec) for the untreated cartilage; a more marked effect was observed
for the PG-depleted cartilage, as a more than 50% decrease in the relaxation time
constant was measured when using the pyramidal tip, Figure 6-6b.
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6.4.3 Cartilage dynamic oscillatory nanomechanics
At - 2 nm deformation amplitude, a significant increase in dynamic stiffness was
observed for the untreated cartilage disk as deformation frequency increases from 1 Hz
to 316 Hz, using both the spherical and pyramidal probe tips; the stiffness measured
at 1000 Hz is not significantly different from that measured at 316 Hz. By comparison,
a continuous increase in stiffness was measured for the PG-depleted disk up to 1000
Hz using both probe tips, Figure 6-7. PG-depletion resulted in a decrease in stiffness
measured by the spherical probe tip at all tested frequencies, Figure 6-7a, consistent
with the nanoindentation, ramp-and-hold experiment and other tissue-level studies
[99]. Interestingly, there is no significant difference between the stiffness measured on
the untreated and PG-depleted disks at 1 - 31.6 Hz and 1000 Hz, and the stiffness is
higher for the untreated cartilage at 100 and 316 Hz measured by the pyramidal probe
tip, Figure 6-7b. For both disks, similar continuous increase of the phase lag between
deformation and force as increasing deformation frequency was observed via both
probe tips, suggesting the increasing importance of energy-dissipative deformation
mechanisms at higher frequencies, Figure 6-8.
The dynamic oscillatory deformation was tested at different deformation ampli-
tudes (- 2 to ~ 50 nm) up to 100 Hz. Using both probe tips, the same increase trend
in stiffness on frequency was observed for both disks. There is no significant differ-
ence in stiffness measured at different deformation amplitudes at the same frequency
for the untreated cartilage, tested by both probe tips. A significant drop in stiffness
was observed for the PG-depleted disk at larger amplitude (- 50 nm), also tested
by both probe tips, and the drop is more marked when measured by the spherical
probe tip, Figure 6-9. Similar trends were observed for the phase lag dependence,
as increasing frequency resulted in an increase in the phase lag for both disks. No
significant difference in the phase angle was observed for the untreated cartilage at
the same frequency, and the phase lag was higher when deforming at larger amplitude
for the PG-depleted cartilage, also tested by both probe tips, Figure 6-10.
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Figure 6-8: Estimated phase lag of deformation with respect to applied force of
untreated (squares) and PG-depleted (circles) cartilage disks (thickness - 0.5 mm)
measured via the OH-SAM functionalized (a) colloidal probe tip (closed symbols,
R - 2.5 um, k - 0.58 N/m) and (b) standard nanosized pyramidal probe tip (open
symbols, R - 50 nm, k - 0.58 N/m) as a function of deformation frequency (1-1000
Hz) at - 2 nm deformation amplitude, mean - SEM, n > 6 different positions.
6.5 Discussion
6.5.1 Type II collagen network banding pattern
The predominant 67 nm periodical D-banding pattern found in type I collagen fibrils
was suggested as the staggering packing of the heterometric triple collagen helices
[133] due to the hydrophobic and electrostatic interactions along the amino acid se-
quences [104]. Similar 67 nm D-banding pattern was found in type II collagen fibrils
from human [58] and bovine [7] intervertebral discs, as well as human costal cartilage
[10] via low angle X-ray diffraction, supported by the modeling on interactions along
the type II collagen amino acid sequence [118]. However, a number of studies have
detected the 23 nm banding patterns in type II collagen fibrils, which was observed in
electron micrographs of both embryonic tissues [161] and lamprey notochord sheath
[36], as well as the predentin fibrils via transmission electron microscopy [5]. Be-
sides, tapping mode AFM imaging on type I collagen fibrils from rat tail tendon also
observed this pattern, though < 3% compared to the dominating 67 nm D-banding
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periodicity [158]. As the collagen fibrils in cartilage are heterofibrils that also contain
lesser type IX and XI besides type II collagen, with the proteoglycan moiety sur-
rounded [41]. The interactions between the collagen fibrils and proteoglycan, though
not exactly known, could be a factor that contributes to the formation of the 23 nm
banding structure [5]. As the 23 nm banding is approximately 1/3 of the D-spacing,
it was suggested that a three-fold overlay of the D-banding periodicity could lead to
the apparent 23 nm periodicity [158]. In addition, X-ray studies clearly showed the
existence of the D-banding pattern in type II collagen fibrils, and the 23 nm band-
ing was argued as a "pseudo-periodicity", which represents - 1/3 of the D-banding
(possibly the overlap zone) . Though it remains unclear the exact structural details
of the 23 nm banding and its molecular origins, this structural feature could be a
factor that contribute to the structural integrity of cartilage extracellular matrix by
interacting and entrapping the proteoglycan within its network.
6.5.2 Comparison to other cartilage tissue-level and nanoscale
studies
The measured elastic modulus is approximately on the same order as the tissue-
level indentation using millimeter-sized clinical indenters on bovine cartilage [143,
86, 1, 145, 139]. For example, Aspden et al. [1] measured the stiffness for bovine
knee cartilage of 0.58 - 1.63 MPa. Other experiments performed on human cartilage
yielded higher stiffness: Swanepoel et al. [145] determined the stiffness of healthy
human lumbar apophyseal cartilage of 2.8 MPa, Shepherd et al. [139] reported the
compressive elastic modulus of human articular knee cartilage under physiological
loading rates of 4.4 - 27 MPa, etc., which is due to the different material properties of
cartilage from different species. Other indentation studies using microscale spherical
and nanoscale pyramidal probe tips have yielded similar results. Stolz et al. [143]
reported a 100-fold modulus difference measured on porcine articular cartilage using
spherical (2.6 MPa) and pyramidal (0.021 MPa) tips, and attributed this difference to
the heterogeneity of cartilage ultrastructure. Kilger et al. [86] compared the stiffness
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measured on both healthy (46.8 ± 5.8 kPa) and osteoarthritic (22.7 ± 1.6 kPa) human
cartilage, and observed the same trend of mechanical deterioration upon enzymatic
digestion. Interestingly, when the proteoglycan motif is fragmented by cathepsin D
but remained in the collagen network, no significant change of stiffness was observed
[143].
6.5.3 Cartilage quasi-static nanomechanics
The magnitude of the measured cartilage stiffness upon PG-depletion via nanoinden-
tation was consistent with previous studies on similar system [86]. As the proteogly-
can moiety not only directly contribute to -, 50% of the compressive stiffness, but
protect the deformation of collagen fibrils from local deformation, the depletion of
GAG could result in a > 50% drop of the indentation stiffness, as shown in Figure 6-
5b. A significant increase in measured stiffness of untreated cartilage (though < 20%)
as increasing z-piezo displacement rate from 0.1 to 10 Mm/s, Figure 6-5, suggests the
presence of both poro/viscoelastic and elastic deformation mechanisms. The same ef-
fect was observed on the PG-depleted cartilage sample, Figure 6-5. Comparing to the
rate-independent deformation of the 2D densely packed end-grafted aggrecan layer on
a planar substrate in the same tested rate range [28], the rate-dependence could be
due to the difference conformation of aggrecan in the cartilage disk (end-attached on
the hyaluronan and entrapped in collagen network) as well as the molecular frictions
between aggrecan and the collagen fibrils. The independence of effective stiffness on
probe tips measured on the PG-depleted disk suggests the mechanical properties of
the solid type II collagen network does not depend on the deformation geometry.
Though the end-radius of the pyramidal probe tip (R - 50 nm) is on the same or-
der of the collagen fibril diameter, the indentation depth ("' 1 km) has involved the
deformation of fibrils in contact with both the top and sides of the pyramidal tips.
As these collagen fibrils form an interconnected network, the deformation induced by
both the spherical and pyramidal probe tip are related to the deformation involved
an assembly of collagen fibrils on the same micrometer scale, hence resulted in the
same stiffness. On the other hand, lower stiffness was observed on the untreated
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cartilage via the pyramidal tip, Figure 6-5, for the deformation manner of the pro-
teoglycan moiety could be different under these two tips. As the brush-like aggrecan
macromonomers are bind to the hyaluronan and entrapped in the collagen network
and have a larger degree of deformation freedom compared to the collagen, penetra-
tion of a sharp pyramidal tip could cause splay-like lateral deformation and deplete
the aggrecan molecules underneath the probe tip. It is hypothesized that a lower
stiffness could be measured due to the lower aggrecan density under the pyramidal
tip. This hypothesis is supported by the observation that end-grafted aggrecan layer
expresses much higher compressive stiffness under the spherical probe tip compared
to that under the nanosized pyramidal tip [28].
The poor fit of the viscoelastic time-dependent models on cartilage relaxation
behavior suggests that intermolecular reptation and/or friction induced viscoelasticity
may not be the only molecular origin that contributes to the time-dependent manner
in the short time range. In fact, poroelasticity from fluid flow and local pressure
gradient has been identified in cartilage tissue mechanics, and could be a critical
component that determines cartilage short-time relaxation behaviors [97]. In the
longer time scope, viscoelasticity model predicts the cartilage relaxation relatively
well, Figure 6-6b. Depletion of GAGs accelerates the longer-time stress relaxation, as
measured by both probe tips, as the presence of proteoglycan increases the solution
viscosity and hinder the movement of the collagen fibrils.
6.5.4 Cartilage dynamic nanomechanics
The slowest characteristic poroelastic deformation time constant could be estimated
as [108],
7 lk (6.9)Hk
where L is the characteristic deformation length scale (r 1 Mm in this sytem), H the
bulk modulus (- 1 MPa) and k the cartilage permeability (, 10-15 m4 - N-1 -s-1)
[108]. The reason that there is no significant difference between the stiffness measured
at 316 and 1000 Hz for the untreated disk (Figure 6-7) could be due to the fact that
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Figure 6-9: Estimated stiffness of untreated and PG-depleted cartilage disks (thick-
ness - 0.5 mm) measured OH-SAM functionalized (a) colloidal probe tip (R - 2.5
Mm, k - 0.58 N/m) and (b) standard nanosized pyramidal probe tip (R - 50 nm,
k - 0.58 N/m) as a function of deformation frequency (1- 100 Hz) at different defor-
mation amplitudes (- 2 - 50 nm), estimated via Hertz model, mean + SEM, n > 6
different positions.
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Figure 6-10: Estimated phase lag of deformation with respect to applied force of
untreated and PG-depleted cartilage disks (thickness - 0.5 mm) measured OH-SAM
functionalized (a) colloidal probe tip (R - 2.5 pam, k - 0.58 N/m) and (b) standard
nanosized pyramidal probe tip (R - 50 nm, k - 0.58 N/m) as a function of defor-
mation frequency (1 - 100 Hz) at different deformation amplitudes (- 2 - 50 nm),
estimated via Hertz model, mean ± SEM, n > 6 different positions.
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these frequencies are corresponding to the same order of its poroelastic relaxation
time, 7 - 1 ms. Enzymatic digestion of the proteoglycan content increase the perme-
ability k for , 1000 fold, and r7 1 ps for the PG-depleted disk. Hence, a significant
increase in E was observed for the PG-depleted cartilage in 1 - 1000 Hz frequencies.
The increase of phase lag from 1 to 1000 Hz for both disks (Figure 6-8) suggests the
energy-dissipative deformation mechanisms are more important at higher deformation
frequencies. At - 2 nm deformation amplitude, the same order of the GAG-spacing
(2 - 4 nm) along aggrecan core protein [109] and much less than other dimensional
features in cartilage (e.g. collagen fibril diameter, pore size, aggrecan contour length
etc.), the energy-dissipation could be originated from the poroelasticity-related molec-
ular frictions between GAG and solvent molecules, or molecular friction among GAG
branches and collagen fibrils. As the proteoglycan motif is entrapped in the solid
type II collagen matrix, it could protect the collagen fibrils from molecular contacts
between two nonadjacent fibrils due to large deformation, at higher deformation am-
plitudes (- 50 nm), the proteoglycan and collagen fibrils cbuld be moving together,
and the energy dissipation mechanism are hence similar to the smaller amplitudes.
Hence, the measured stiffness and phase lag are the same at different amplitudes for
the nontreated disk (Figures 6-9, 6-10). Without the proteoglycan motif, the collagen
scaffold would collapse at larger deformation amplitude and molecular contacts be-
tween nonadjacent fibrils could occur. Hence, a lower stiffness with larger phase lag
was measured (Figures 6-9, 6-10). Interestingly, changing the probe tip geometry did
not change any of the frequency or amplitude dependence trends on either disk, this
could be due to the fact that the deformation amplitudes, even as high as - 50 nm,
is less than the dimension of aggrecan, and hence the splay-like deformation induced
by the sharp pyramidal probe tip could have less effect on the nanoscale dynamic
deformation.
113
6.6 Conclusions
In this study, we quantified the quasistatic and dynamic deformation of cartilage and
its associated collagen network via both spherical and pyramidal probe tips. Deple-
tion of the proteoglycan content resulted in a decrease in stiffness and characteristic
relaxation time constant. Frequency-dependence of oscillatory dynamic deformation
properties could be related to the poroviscoelastic mechanisms on nanoscale. The
different frequency dependence at deformation deformation amplitudes could be as-
sociated with the characteristic structural features of the untreated and PG-depleted
cartilage disks.
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Appendix A
Microcontact Printing and Lateral
Force Microscopy Imaging
The technique of microcontact printing (ICP) [163], or soft lithography, has been
applied to prepare the micropatterned surface of different self-assembled monolayers
(SAMs) with well-defined boundaries. Previously, these chemically-patterned sub-
strates were employed to probe surface chemical properties of different SAMs, as two
or more different SAMs could be studied simultaneously on the same substrate and
ambient conditions [159, 91, 129]. In this study, a number of thiol-end functional-
ized SAMs were used as control experiment for lateral force microscopy on aggrecan
end-attached micropatterned surface (see Table A.1).
To prepare a micro-patterned substrate composed of two different SAMs, a poly-
dimethylsiloxane (PDMS) stamp with hexagonal-shaped indentations (10 pm side
length) on its surface was immersed in 3 mM ethanol solution of the first type of
SAM molecule for a minimum of 30 min. Silicon wafers were coated with 2 nm of
Cr and 50 nm of Au via thermal evaporation in 10-6 Torr vacuum and cut into 1
cm x 1 cm square samples before using. The gold-coated substrates were immersed
in fresh Piranha solution (volume ratio 3:1 mixture of 98% H2 SO 4 and 30% H2 0 2)
for 15 - 20 minutes to remove organic contaminations. The PDMS stamp was then
taken out of SAM solution, dried in air for , 1 minute and the patterned surface was
immediately brought into contact with the Piranha-treated gold substrate for 1 - 2
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Figure A-i: Schematic of formation of aggrecan-OH-SAM patterned surface via mi-
crocontact printing using a hexagonal patterned PDMS stamp.
minutes. The first SAM is chemically attached to the region outside hexagons on the
substrate through thiol-gold chemical bonds. Afterwards, non-specifically absorbed
SAM molecules are rinsed away with ethanol and the substrate is then incubated
in a 3 mM ethanol solution of the second type of SAM solution overnight to form
well-defined SAM layer inside the hexagons. A chemically patterned substrate was
prepared via yCP, as illustrated in Figure A-i. The substrate is then imaged using lat-
eral force microscopy with chemically functionalized AFM probe tips. Different lateral
forces from the regions covered by different SAMs would result in a hexagonal-shaped
pattern via lateral force microscopy imaging.
Lateral force microscopy (LFM) is a special contact mode atomic force microscopy,
in which mode, the scan angle (the scanning direction of AFM tip to its reference
direction, the point-out direction of the cantilever) is set to 900, and the probe tip
scans across the surface under a constant normal force. The cantilever twists in the
scanning (lateral) direction resulting in a horizontal deflection of the laser spot on a 4-
quadrant position sensitive photodiode (PSPD), giving a voltage output proportional
to lateral deflection. The lateral force signal is at least an order of magnitude smaller
than the interference from normal deflection, thus in order to avoid the cross-talk
effect from normal signal, both the trace (forward) and retrace (backward) lateral
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Figure A-2: (a) Trace and (b) Retrace LFM images of COOH-CH3 patterned sub-
strate with a CH 3-functional probe tip (R r 50 nm, k - 0.06 N/m) under , 5 nN
applied normal force in air with COOH-SAM outside the hexagon and CH 3-SAM
inside , where the brighter contrast corresponds to the larger lateral signal in (a) and
smaller lateral signal in (b). (c) Height image recorded simultaneously.
scan signals are recorded. Scanning in both directions, the cantilever is twisted in
two opposite directions while the cross-talk of normal signals remains the same. The
real lateral signal is taken as the half-width of the lateral signal loop. As surface
topography could significantly affect the measured lateral signal [144], the measure-
ments on surface chemistry are conducted on flat substrates. Upon proper calibration,
the absolute values of lateral force (nN) can be quantified. Lateral force microscopy
has been applied to study a number of surface properties, e.g., adhesion, friction,
hydrophobicity [130, 128, 150, 151, 112], surface roughness [17], and pharmaceutical
interactions [29].
To test the techniques of pCP and LFM, the control experiment was firstly
performed on a microcontact printed substrate with hexagonal patterns, with the
methyl-functionalized self-assembled monolayer (CH3-SAM, ethanethiol, CH3CH 2HS,
Aldrich, St. Louis, MO) inside the hexagon and carboxyl-functionalized SAM (COOH-
SAM, 11-mercaptoundecanoic acid, HOOC(CH2)10HS, Aldrich) outside. LFM was
applied using a CH3-SAM functionalized standard nanosized AFM probe tip (NP tip
D, silicon nitride, V-shaped cantilever, Veeco, Santa Barbara, CA) in air. Larger
lateral signals in the COOH patterned region resulted in a brighter contrast on the
trace image and darker contrast on a retrace map outside hexagons, Figure A-2a,b,
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Figure A-3: Three dimensional AFM height images of aggrecan-OH-SAM patterned
substrates in 0.001M NaCL aqueous solution with aggrecan inside the patterns and
OH-SAM outside: (a) hexagon, (b) MIT logo patterns via an OH-SAM functionalized
nanosized probe tip (R - 50 nm, k - 0.06 N/m) under - 5 nN applied normal force.
consistent with the literature [156]. In air, the adhesion between methyl groups is
mainly van der Waals, while stronger capillary forces are present between -CH 3 and
-COOH groups, and hence "stick-slip" induced friction are stronger between the lat-
ter. As predicted, there is no remarkable pattern observed in the height image, since
the height difference between the two SAMs was negligible (< 1 nm), Figure A-2c.
Aggrecan and hydroxyl-SAM (OH-SAM, 11-mercaptoundecanol, HO(CH2)11HS,
Aldrich) micropatterned surface was prepared in a similar fashion, in which case
the clean gold-coated substrate was incubated in 50 pL 1 mg/mL aggrecan solution
for 48 hours after pCP of OH-SAM. Marked height difference could be measured
between the aggrecan and OH-SAM layers, suggesting the successful end-attachment
of aggrecan on the gold-coated substrate, Figure A-3. Using this micropatterned
substrate, aggrecan compressive and shear nanomechanical properties were studied
in 0.001 - 1.0 M NaCl aqueous solutions and NaCl + CaC12 aqueous solutions (C1-]
= 0.15 M) by using both the standard nanosized pyramidal (end-radius R - 50 nm)
and colloidal spherical (end-radius R - 2.5 pm) probe tips (see Chapters 3 and 4).
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Table A.1: Thiol end-functionalized self-assembled monolayers
Chemical Name Chemical Formula End-Functional Group MW (g/mol)
11-mercaptoundecanoic acid HS(CH2) 10 COOH -COOH 218.36
1 1-mercaptoundecanol HS(CH2)110H -OH 204.37
2-mercaptoethanesulfonic acid, sodium salt HS(CH 2)2SO 3Na -SO 164.18
ethanethiol HSCH 2CH 3  -CH 3  62.13
2-mercaptoethylamine hydrochloride HS(CH2)2NH 2 - HCL -NH 2 113.61
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Appendix B
Lateral Force Calibration
B.1 Wedge method for calibration of nanosized
probe tips
Lateral deflection signals (V) from a position sensitive photodiode (PSPD, resolution
- 1 mV) were recorded during line scans. To convert these data into forces, the
lateral cantilever deflection sensitivity, a (nN/V), had to be determined. Different
calibration methods have been used [113, 157, 54, 15, 46, 72, 93, 34, 142, 141, 9] and
compared [16] previously to quantify a. Among these, the nondestructive "wedge"
method [113, 157], which calibrates the ratio of a to the normal deflection sensitivity
,3 (nN/V), has been the most widely accepted. This approach can be performed in
combination with lateral force experiments, thereby eliminating uncertainties intro-
duced by a separate calibration of cantilever stiffness and by changes in experimental
conditions including the optical geometry of the laser beam path. The wedge method
was first developed using standard nanosized silicon AFM probe tips (R < 100 nm)
to scan SiTiO3 samples having geometrically well specified slopes (i.e., the (101) and
(103) crystallographic planes) [113]. Varenberg et al. [157] extended this approach
by replacing the SiTiO 3 sample with an etched silicon calibration sample having both
planar and tilted regions (TGF-11, Mikromasch, Wilsonville, OR). This technique
allowed use of probe tips having an end-radius R <- 1 ptm. In this study, we mod-
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ified the calculation procedure of a by removing the assumption that the applied
normal force remains constant on the horizontal and tilted regions during scanning.
In addition, we extended the wedge method to calibrate larger probe tips with end-
radii R > 1 pm. In this case, the reported method using the TGF-11 sample cannot
be used because the probe tip makes simultaneous contact with both the horizontal
and tilted regions when scanning (i.e., the length of the tilted region - 1 Jm, the
slope 54044 ' ) resulting in noise that was an order of magnitude larger than the lateral
deflection signal itself. By using two different mica samples, one horizontal and the
other tilted at - 200, we developed new calibration procedures and analysis for larger
probe tips, which is applicable to probe tips with smaller end-radii as well. In order
to clarify our modifications on the wedge method, we use the approach based on Eqs.
1 - 12 of Varenberg et al. [157]. The tip (height h, end-radius R, Figure B-1) is
subjected to forces applied by the probe tip (i.e., the contact, adhesion, and friction
forces N, A, and f, respectively), and the cantilever of thickness t (i.e., the applied
normal and lateral force, L and T, and the torsion moment M). The subscripts u and
d are corresponding to the forces and moments during uphill and downhill motions,
respectively. Momentum equilibrium is described for uphill and downhill motions by
Eqs. 11 and 12 in [157]:
t
Mu + LuRsinO - Tu(R cos O + h - R + -) = 0 (B.1)
Md + LdRsin - Td(Rcos + h- R+ -) = 0 (B.2)2
For nanosized probe tip h >> R, Eqs. B.1 and B.2 are simplified as
M = T,(h + t) (B.3)2
Md = Td(h + -) (B.4)2
The nanosized probe tip used in this study was calibrated following the experimental
procedures described in [157]. A series of 1.1 /Lm lateral scan loops (256 datapoints
each on trace and retrace) were performed on the TGF-11 calibration grid (surface
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Figure B-1: Free-body diagrams of the cantilever tip during scanning in both (a)
trace (downhill) and (b) retrace (uphill) motions, adapted from Fig. 1 of Varenberg
et al. [157], where R is the tip end-radius, h the tip height, t the cantilever thickness,
u and d the slope angles of the tilted region during upward and downward scans
respectively, N, A, and f are the contact, adhesion, and friction forces executed
between the probe tip and the sample surface, respectively, and L, T, M are the
applied normal and lateral forces, the torsion moment respectively. The subscripts
u and d are corresponding to the forces and moments during uphill and downhill
motions, respectively.
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roughness - 13.5 nm, slope of tilted region = 54044') at varying applied normal force.
Each scan loop included both horizontal and tilted regions (Figure B-2) at a 1 Hz
scan rate (2.2 pm/s); scanning rates exceeding 3 pm/s on the tilted region resulted
in the noise at least an order of magnitude larger than the lateral signal. Three types
of signals were measured from each lateral scan loop: the half-width of the lateral
signals loop in the horizontal region, W0 (O)(corresponding to the data in region I in
Figure B-2), the half width in the tilted region, Wo(O)(region II in Figure B-2), and
the offset of baseline signal in the tilted region related to that in the horizontal region
Ao(0 - 0)(i.e., the mean value of the trace-retrace signal loop in region I minus mean
value in region II). The subscript o indicates the PSPD lateral signal measured in
volts rather than converted data (force in nN). The lateral signal loop, Figure B-2, is
directly related to the moments M and lateral forces T:
W M- Ma T -Ta= Wo M =  (B.5)
h + t/2 2(h + t/2) 2
( - 0) = o( - )a = Mu + Md T + Td (B.6)
h + t/2 2(h + t/2) 2
The adhesion force A is measured to be negligible and, hence, it can be calculated as
a function of applied normal force L,
= (1 + p2)(L - Ld) sin 0 cos 0 + g(L, + Ld) (B.7)
cos 2 0 -_ 2 sin2 0
(1 + p2)(L + Ld) sin 0 cos 0 + p(Lu - Ld) (B8)
,o(0 - 0)a = (B.8)
cos2 0 _ -2 sin2 0
B.2 New modifications of wedge method for cali-
bration of nanosized probe tips
It was observed that scanning on a tilted surface resulted in normal deflection errors
that could not be corrected by the AFM instrument and, thus, LU, Ld(Figure B-2).
The deflection signals recorded were used to calculate the normal forces exerted from
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the cantilever,
L = (d + s - by) x 3 (B.9)
where d is the vertical deflection signal, s the setpoint, by the vertical baseline (corre-
sponding to the vertical signal in the unengaged state), and 3 (nN/V) the cantilever's
normal deflection sensitivity, which is the product of its normal spring constant k
(nN/nm) and inverse optical lever sensitivity (nm/V) [79]. For a given tilted angle 0
and tip scanning rate, d was observed to be independent of s and remained constant
during scanning under a series of vertical setpoints. In addition, it was found that
for uphill and downhill motion,
d, = -dd (B.10)
The applied normal force can be rewritten as,
L, = Lo + 6 (B.11)
Ld = Lo - 6 (B.12)
where Lo = (s - bv) x p is the normal force on the horizontal surface (the subscript
0 indicates the force on the horizontal region), and S = duo is the additional normal
force that resulted from scanning on a tilted surface. The value 6 was observed to
remain constant for the series of applied normal forces Lo at a given tilted angle and
tip displacement rate (Figure B-2). Hence,
Wo = Lo + (1 + / 2 ) sin cos (B.13)
cos 2 - 2 sin2
(1 + 2)Lo sin 8 cos9+ (.)do(0 - 0)a = L sin cos 0 +/ (B.14)
cos2 0 -9y2 sin2 z
Wo(O), Wo(9) and A,(9 - 0) were plotted as a function of applied normal force Lo
(Figure B-3), where each data point represents the mean of 8 lateral scan loops at
different locations, and the slopes W, - dWo/dLo and Ao(O - 0)' - dAo(O - O)/dLo
were measured from the data of Figure B-3. Due to the observed independence of S
on L0 , the lateral proportionality coefficient IL between the tip and substrate in the
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Figure B-2: Lateral signal loop on silicon calibration sample in deionized water with
corresponding normal force and height profile using an OH-SAM functionalized nano-
sized probe tip (R ~ 50 nm, nominal cantilever spring constant, k - 0.06 N/m, at
a normal force, Lo , 7 nN; (I) is the tilted area of the sample (corresponding to an
angle 0 = 54044'), (II) is the horizontal area of the sample (corresponding to an angle
0 = 0' ), Wo is the magnitude of the average lateral signal within each shaded region
(taken at 10% from the edge of the tilted-horizontal border), and Ao is the baseline
offset of the tilted region, L, is the applied normal force profile during uphill motion
(trace), and Ld during down hill motion (retrace).
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Figure B-3: Lateral calibration parameters Wo and Ao versus normal force where
slopes of these curves are given as inset text (indicated by primes) using an OH-SAM
functionalized nanosized probe tip (R - 50 nm, nominal cantilever spring constant,
k , 0.06 N/m). Each data point represents 8 independent scan loops under a fixed
applied normal force.
tilted region was calculated following [113]:
1 2A/'(0 - 0)
p +- 0 (B.15)IL W0"(8) sin 20
The lateral sensitivity a was calculated as:
1 
a = (B.16)WH(O) cos 2 - 2 sin2  (B.16)
and the lateral proportionality coefficient on the horizontal surface was then calculated
as,
po = aW'(0) (B.17)
The true physical value of M and 0o may not be equal but should be close to each other,
hence the physical solution from the two possible solutions derived from Eqs. B.15 to
B.17, (/ 1, a 1) and (1u2 , c2), was determined by comparing the values of IP - Ilo1; the
solution corresponding to the smaller Ip- Zol is the real solution [157]. The nanosized
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probe tip used to obtain the lateral force data for both the control and aggrecan shear
experiments was found to have a lateral sensitivity a = 122 - 2 nN/V (Figure B-3).
Thus, using a PSPD with - 1 mV resolution, the minimum detectable amount of
lateral force was - 100 pN, based on the measured lateral sensitivity.
B.3 Modifications of wedge method for calibration
of microsized probe tips
The lateral sensitivity of the microsized (colloidal) probe tip used in this study could
not be calibrated using the wedge method since the radius of the colloid is bigger
than the length of the tilted region, and scanning on a tilted region having 0 = 54044'
resulted in uncorrectable noise due to the relatively large tilted angle. We therefore
replaced the TGF-11 sample (Mikromasch) with two mica substrates, one having a
horizontal surface and the other a surface with tilt angle 0 , 200. A series of 10-p/m
lateral scan loops (256 datapoints each on trace and retrace) was performed on both
the horizontal and the tilted mica substrates at varying applied normal force at 1
Hz scan rate (20 pm/s). The half-widths and the offsets of baseline signals of the
lateral signal loops were measured from both the horizontal (Wo(O) and Ao(0)) and
the tilted (Wo(O) and Ao (0)) samples. The jump of the baseline offset Ao(9 - 0) from
the horizontal to the tilted sample could not be directly measured, for one single scan
loop including scanning on both horizontal and tilted regions could not be obtained
when using two separate samples. However, the lateral baseline offset was found to
be affected only by two factors, the applied normal force Lo due to the crosstalk
between the normal and the lateral deflection signals, and the tilt angle 0, which
causes the lateral projection of the compression force N (Figure B-1). The crosstalk
between normal and lateral deflection signals is determined by the laser path from
the AFM head to the PSPD [144] and, hence, the effect of the crosstalk is the same
during scanning on the two different samples as long as the optical laser beam path is
untouched while changing the samples. In that case, the difference of lateral baseline
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Figure B-4: (a) Half-width of lateral signal loop Wo on both the tilted (Wo(O), 0 - 200)
and horizontal (Wo(O)) mica substrates as a function of applied normal force using an
OH-SAM functionalized microsized probe tip (R ~ 2.5 pm, nominal cantilever spring
constant, k , 0.12 N/m). (b) Lateral signal baseline offset jump (A,(0) - Ao(0)) as
a function of applied normal force. Each data point represents 8 independent scan
loops under a fixed applied normal force in (a), and two pairs of 8 independent scan
loops under a fixed applied normal force on the tilted and horizontal mica substrates
in (b).
dependences on normal force measured on these two samples, (A0 (O) - Ao(0))', has
the same physical meaning of lateral baseline jump from a horizontal to a tilted region
on one single scan on the same sample, A'(9 -0). For the microsized probe tip, where
h = 2R, Eqs. B.1 and B.2 are simplified as,
M, = T,[R(1 + cos 0) + 2] - L,Rsin 0 (B.18)
Md = Td[R(1 + cos 0) + - LdRsinO (B.19)
Hence, with negligible measured adhesion force A, the two calibration parameters are
calculated as,
W M= W - Md To - Td (L, - Ld) sin 0
h + t/2 2[R(1 + cos 9) + t/2] 2 2[R(1 + cos 0) + t/2]
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0.6
A() - A(O)
h+t/2
Mu + Md
a 2[R(1 + cos 0) + t/2]
T_ + Td
2
(L, + Ld) sin 0
2[R(1 + cos0) + t/2]
(B.21)
Equations B.20 and B.21 can be written as a function of the applied normal force:
pLo + (1 + p2)6 sin 0 cos 0
cos2 0 -_ 2 sin2 9
6R sin 0
[R(1 + cos 9) + t/2](cos2 0 - 2 sin2 0 )
(1 + tp2)Lo sin 9 cos 0 + tj5
Cos 2 0 
_ -2 sin2 0
LoR sin 0
[R(1 + cos 0)) + t/2](cos 2 0 - p2 sin 2 9)
(B.23)
and the lateral proportionality p is then calculated as:
(Ao(0) - o(0))' 1 1 R sin 0
W( = (p + )sin 0 cos0 - -[R()+t/]W'(0) p [R(1 + cos 0) + t/2] (B.24)
The cantilever lateral sensitivity a is calculated using Eq. B.16 and the same criteria
used for the nanosized probe tip was used to determine the true physical solutions of
p and a. The microsized probe tip used in this study was calibrated to have a lateral
sensitivity a = 148 ± 17 nN/V (Figure B-4).
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Woo =-
(A 0 (9) - AOM
(B.22)
Appendix C
Nanomechanical Properties of
Aggrecan from Bovine Fetal
Epiphyseal and Mature Nasal
Cartilage
C.1 Introduction
Cartilage tissue is characterized by high stiffness and strength and some articular car-
tilage, the tissue on the surface of load bearing joints, able to withstand mechanical
loads encountered over many years of life, ideally with little damage [107, 2]. The tis-
sue's dense extracellular matrix (ECM) responsible for these mechanical properties is
comprised mostly of water (60 - 80% by weight) and macromolecules, such as collagen
type II (~ 60% dry weight) and proteoglycans (- 35% dry weight). The mechanical
properties of the tissue are directly related to the structure and interactions of these
various macromolecules [99].
Of the various proteoglycans found in cartilage, the most abundant (~ 50 - 85%
by weight) is aggrecan [76], which is thought to be responsible for ~ 50% of the
compressive stiffness of the tissue [14, 37]. It is distinguished by its ~ 100 highly
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Fetal Epiphyseal
(b)
Mature Nasal
(c) (d)
Figure C-1: Tapping mode AFM image in air of bovine (a) fetal epiphyseal and (b)
mature nasal aggrecan [110]. Schematic of patterned sample used in the nanome-
chanics experiments (c) top view and (d) side view of the area indicated in the circle.
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negatively charged chondroitin sulfate glycosaminoglycan (CS-GAG) chains attached
to a core protein in a "bottle-brush" like structure (Figure C-1) [110]. GAG length,
spacing, and sulfation are known to vary with age, source, and location [110, 11,
105]. These differences in structure are thought to contribute to the wide variations
in observed biomechanical properties of cartilage [165]. This study focuses on the
molecular-level compressive properties of aggrecan taken from two different bovine
tissues, fetal epiphyseal and mature nasal cartilage.
Previously, individual aggrecan from two different bovine cartilage samples, fetal
epiphyseal (FE) and mature nasal (MN), were imaged via atomic force microscopy
(AFM) (Figure C-la,b) [110]. The significantly different architectural features of
these two types of aggrecan are distinguished, as shown in Table C.1 [110]. The
molecular stiffness of the two different aggrecan, characterized as the persistence
length, from the AFM images of isolated aggrecan molecules deposited on the planar
mica surfaces were quantified. Both the core protein and the GAG chains were
found to have significantly shorter persistence length in the MN compared to the FE
aggrecan, Table C.2.
The AFM images of aggrecan on mica in air show great detail and help to visual-
ize the single molecule stiffness. However, in tissue, aggrecan is very densely packed
(average GAG spacing - 3 nm [110]) in solution (~ 0.15 M ionic strength). More-
over, the aggrecan core protein is noncovalently bonded to hyaluronan, strengthened
by its G1 domain (amine terminal end globular domain), to form large aggregates.
Therefore, in order to understand how the molecular-level compressive properties of
aggrecan change between different tissues in vivo, it is important to directly measure
these properties in a more native-like state.
We previously reported the nanoscale compressive interaction forces between op-
posing end-grafted FE aggrecan layers, and found that the measured normal stress
at near physiological ionic strength (IS) of 0.1 M NaCl increased sharply at aggrecan
densities under the tip of - 40 - 50 mg/mL, which corresponds to an average 3D-
GAG spacing of - 4 - 5 nm (or 4 - 5xDebye length) [27, 28]. This characteristic
spacing is consistent with the onset of significant electrostatic interactions between
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GAG chains of opposing aggrecan molecules at physiological IS. The objective of this
study was to test the hypothesis that the nanomechanical properties of MN aggrecan
are very different from those of FE aggrecan, as suggested by the measured age and
source-related differences in GAG length, spacing, and sulfation.
C.2 Methods
Cantilevers with micron-sized gold-coated silica colloids (BioForce Nanosciences, end-
radius Rtip - 2.5 rpm, nominal spring constant k - 0.12 N/m) were functionalized
with a OH-terminated self-assembled monolayer (OH-SAM, HS(CH 2) - 11OH) by
immersion in 3 mM 11l-mercaptoundecanol (Aldrich, St Louis, MO) in ethanol for 48
hours. Aggrecan and OH-SAM patterned planar substrates were prepared by micro-
contact printing [163], as previously described [27]. The regions outside a hexagonally-
shaped repeating pattern on the gold substrate were filled with an OH-SAM using
a polydimethylsiloxane stamp (Figure C-1c). Purified A1A1D1D1 fetal bovine epi-
physeal (FE) aggrecan, MW - 3 MDa, and mature nasal (MN) aggrecan, MW ~ 2
MDa [110], were end-functionalized by reaction with 1 mM dithiobis(sulfosuccinimidyl
propionate) and 0.1 mM dithiothreitol (Pierce, Rockford, IL), each for 1 hour [27].
Excess reactants were removed by spinning (3500 rpm) overnight with a centrifugal
filter (Centricon, Millipore, 10 kDa cutoff). Approximately 100 pL of 1 mg/mL thiol-
functionalized aggrecan solution was then incubated on the patterned sample for 48
hours in a humidity chamber. Aggrecan was therefore chemically end-grafted inside
the hexagon patterns while the area outside was coated with OH-SAM [27] (Figure
C-lc,d). Prior to nanomechanical measurements, the surfaces were thoroughly rinsed
with deionized water.
The aggrecan packing density within the hexagons, measured via dimethylmethy-
lene blue (DMMB) dye assay [45], was - 8 mg/m 2 (_ 1 aggrecan per 25 nm x
25 nm, equivalent) for both the FE and MN aggrecan samples. A Multimode Pi-
coForce Nanoscope IV atomic force microscope (AFM, Veeco, Santa Barbara, CA)
was used to measure the height of the aggrecan monolayer as well as the force be-
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Figure C-2: Height versus normal force for (a) one single and (b) two opposing end-
grafted mature nasal aggrecan monolayers at different ionic strengths (0.001 - 1.0
M NaC1) measured by an OH-SAM functionalized colloidal probe tip (end-radius
Rtp - 2.5 Am, nominal spring constant k - 0.12 N/m).
tween the aggrecan layer and the neutral probe tip. The height of the aggrecan
monolayer was measured using contact mode AFM in different ionic strength (IS) so-
lutions (0.001 - 1.0 M NaC1, pH - 5.6) at different compressive loads (- 0 - 80 nN).
The normal compressive force versus tip-sample separation distance (F-D) between
the identical OH-SAM probe tip and aggrecan layers was also measured using high
resolution force spectroscopy (HRFS) [136].
F-D curves were converted to normal stress (s) versus normal molecular strain
(e) curves: s was calculated as the force per unit surface area using the surface
element integration method [8], a variant of the Derjaguin approximation, and e was
1 - (H/Ho), where Ho, the uncompressed aggrecan layer height, was set equal to the
distance at which the measured normal force increased above noise level (- 10 pN)
in the HRFS experiment minus 5x the Debye length (,-1 - 1 nm) [27].
C.3 Results
The heights of both FE [28] and MN aggrecan decreased nonlinearly with increasing
IS and increasing compressive force (Figure C-2). FE aggrecan height attained a
maximum of - 320 nm at 0.001 M under low load (- 0 nN) and a minimum of - 31
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Figure C-3: Height (mean ± std) relative to their contour lengths
grafted layer of the FE (gray bars) and MN (hashed bars) aggrecan
OH-SAM functionalized colloid tip (Rtip - 2.5 pm, k - 0.12 N/m)
and (b) 50 nN normal force.
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Figure C-4: Force versus separation distance between an end-grafted aggrecan layer
and (a) an OH-SAM functionalized colloidal tip and (b) a colloidal tip with end-
grafted aggrecan in varying ionic strength aqueous solutions (0.001 - 1.0 M NaC1)
(Rtip - 2.5 pm, k - 0.12 N/m).
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Figure C-5: Molecular stress versus strain of a single MN and FE aggrecan layers
being compressed by an OH-SAM functionalized colloidal tip (Rtip 2.5 pm, k - 0.12
N/m) in 0.1 M NaCl aqueous solution.
nm at 1 M under high load (, 80 nN). MN aggrecan height attained a maximum
of - 208 nm at 0.001 M under low load and a minimum of - 20 nm at 1 M under
high load (Figure C-2b). The MN aggrecan required lower normal force than the FE
aggrecan to compress to the same amount relative to its contour length, L,. At 0.1
M NaC1, the MN compressed to 0.95 x L, whereas the FE aggrecan compressed to
0.66 x L, at - 50 nN compressive force, Figure C-3. Force versus distance curves
measured by HRFS with OH-SAM colloidal tips for the FE aggrecan (data not shown)
was very similar to what has already been reported with similar tips [28]. The MN
aggrecan HRFS force-distance data showed the same decrease in force with increase
in IS (Figure C-4) as the FE aggrecan [28]. However, the forces were smaller for all
the IS tested. In 0.1 M NaCl (near physiological IS), the forces measured using HRFS
were nonlinear repulsive and started at H - L, (i.e. s - 0) for both types of aggrecan
(Figure C-4). However, s increased nonlinearly with e much more sharply for the FE
than the MN aggrecan (Figure C-5). At e = 0.5, the measured stress was > 10x
larger for the FE (- 5 kPa) compared to the MN aggrecan (- 0.3 kPa) (Figure C-5).
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Figure C-6: Molecular (a) stress versus strain and (b) calculated apparent molecular
stiffness versus strain in 0.1 M NaCl aqueous solution for two opposing MN and
FE aggrecan layers via aggrecan-functionalized colloidal probe tips (Rtip - 2.5 pm,
k - 0.12 N/m).
C.4 Discussion
Both types of aggrecan were end-grafted onto gold substrates at similar packing den-
sities (within the physiological range of 20 - 80 mg/mL [68]), thus allowing for direct
comparison of their nanomechanical properties. The FE aggrecan layer was stiffer
than the MN aggrecan for all the tested IS since more force was required to compress
the FE layer to the same height relative to its contour length than MN aggrecan. This
observation is likely due to the fact that the FE aggrecan has both increased electro-
static and nonelectrostatic (steric and entropic) repulsive interactions compared to
the MN. The increased electrostatic forces come from the increased charge per GAG
chain of FE compared to MN aggrecan, as well as the smaller GAG-GAG molecular
spacing along the core protein. The increase in nonelectrostatic interactions may
arise from the larger dimensions of the aggrecan (i.e., core protein and GAG L,) and
also the smaller GAG-GAG molecular spacing along the core protein. This is sup-
ported by the fact that the FE aggrecan appears to be stiffer than the MN at 1M
NaCl when most of the electrostatic interactions are shielded. Although FE aggrecan
is markedly stiffer than MN aggrecan at near physiological conditions (0.1 M NaC1,
Figure C-5,C-6), they both exhibit similarly shaped nonlinear nanomechanical stress-
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strain behavior. In cartilage tissue, aggrecan molecules are precompressed, occupying
less volume than in the dilute extended conformation [68], even at zero tissue-level
strain. Therefore it is difficult to know what value on the molecular stress-strain curve
corresponds to tissue strain in vivo. However, these directly measured molecular-level
stress-strain curves are similar to previous results on swelling pressure of proteoglycan
solutions [35, 152]. This study further confirms that the mature bovine aggrecan is
more compressible than the fetal aggrecan.
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Table C.1: Summary of measured dimensions from AFM images of aggrecan (mean ± STD) [110]
Lc,total (nm) Re (nm) GAG spacing Lc,barecoreprotein (nm) Lc,CS-brush (nm)
Mature nasal aggrecan 352 + 88 226 + 81 - 81 ± 17 268 ± 73
Fetal epiphyseal aggrecan 398 ± 57 257 ± 87 - 93 ± 14 327 ± 43
Mature nasal GAG 32 ± 5 26 ± 7 4.4 ± 1.2 - -
Fetal epiphyseal GAG 41 ± 7 32 ± 8 3.2 ± 0.8
Table C.2: Persistence length of aggrecan and GAG from AFM images [110]
L, (nm), mean 95% confidence interval (nm)
Mature nasal aggrecan 82 73- 94
Fetal epiphyseal aggrecan 110 102- 120
Mature nasal GAG 14 10 - 21
Fetal epiphyseal GAG 21 17 - 25
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Appendix D
Effect of m-Calpain Degradation
on Cartilage Aggrecan
Nanomechanical Properties
D.1 Introduction
Aggrecan (contour length Leontour ~ 400 nm), the most abundant proteoglycan in the
cartilage extracellular matrix, is known to provide - 50% of the compressive tissue
modulus [100, 165] due to intra/intermolecular interactions between its densely packed
chondroitin sulfate glycosaminoglycan (CS-GAG) side chains [65] (LeOntour ~ 40 nm,
molecular separation distance r- 2 - 4 nm [110]). A number of enzymes present
in vivo are responsible for the degradation of aggrecan by cleaving the core pro-
tein backbone at specific sites. For example, m-calpain, activated at [Ca2+] , mM
(physiological), cleaves sites within the interglobular, chondroitin sulfate 1, and ker-
atan sulfate domains [119]; aggrecanase (ADAMTS, a disintegrin and metalloprotease
with thrombospondin motifs) cleaves sites within the interglobular and chondroitin
sulfate domains [132], Figure D-1. One of the earliest events in osteoarthritis and post
acute injury is the loss of aggrecan from cartilage, possibly due to the upregulation of
these enzymes, which leads to irreversible deterioration of the tissue's biomechanical
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Figure D-1: Schematic of amino acid cleavage sites along aggrecan core protein back-
bone by (a) m-calpain [119] and (b) aggrecanase (ADAMTS) [132].
properties [119]. Therefore, to quantify the effects and kinetics of aggrecan cleavage
by m-calpain on the nanomechanical properties of aggrecan in vitro, and to under-
stand the relationship between the nanomechanical properties of enzymatically de-
graded aggrecan and essentially the effects on cartilage tissue mechanical properties,
we measured the change of aggrecan compressive nanomechanical properties during
m-calpain digestion via atomic force microscopy (AFM).
D.2 Methods
Purified mature bovine nasal (MN) aggrecan was chemically end-functionalized with
thiol-groups. Micropatterned gold-coated substrate with end-grafted MN aggrecan
and hydroxyl-functionalized self-assembled monolayer (OH-SAM, HS(CH 2)11OH, 11-
mecaptouethanol, Aldrich, St. Louis, MO) was formed via microcontact printing
[163], as described previously [27]. Atomic force microscopy related techniques were
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Figure D-2: (a) Schematic of contact mode atomic force microscopy (AFM) to mea-
sure the aggrecan layer height at different applied normal force using an OH-SAM
functionalized nanosized probe tip (end-radius Rtip - 50 nm, nominal spring con-
stant k - 0.06 N/m) on an OH-SAM and aggrecan patterned substrate made via
microcontact printing. (b) Schematic of force versus separation distance between the
OH-SAM tip and end-attached aggrecan layer via high resolution force spectroscopy(HRFS).
then applied to monitor the degradation of end-attached aggrecan layer in the pres-
ence of m-calpain. Before the addition of m-calpain, aggrecan height as a function
of applied normal force was measured via contact mode AFM and force-separation
distance curves were measured via high resolution force spectroscopy (HRFS) at ionic
strength (IS) = 0.001 M NaCl aqueous solution, pH - 5.6, using an OH-SAM func-
tionalized standard nanosized probe tip (Rtip 50 nm, NP tip D, silicon nitride,
V-shaped cantilever, nominal spring constant k ~ 0.06 N/m, Veeco, Santa Barbara,
CA), Figure D-2, under which condition, the electrostatic repulsion, and hence ag-
grecan compressive stiffness is the strongest [27, 28]. The sample was then immersed
in the mixed buffer solution containing 110 mM imidazole, 5 mM 2-mercaptoethanol
and 1 mM ethylene glycol tetraacetic acid (EGTA) and 7 mM of calcium chloride
(IS - 0.15 M, pH - 7.5) [119] and measured in the same fashion of contact mo de
AFM imaging and HRFS force-distance curves before addition of m-calpain. After
the AFM measurement, 0.4 nM m-calpain in the same buffer solution was added at
room temperature and the change of HRFS force-distance curve profile was monitored
up to 60 minutes after the addition of m-calpain. After the m-calpain digestion, ag-
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Figure D-3: Force versus separation distance between an OH-SAM functionalized
probe tip (Rtip - 50 nm, k - 0.06 N/m) and end-attached aggrecan layer before
and 1 - 60 minutes after addition of 0.4 nM m-calpain measured in the mixed buffer
solution (IS - 0.15 M, pH - 7.5).
grecan height was measured via contact mode AFM in both the mixed buffer solution
and 0.001 M NaCl solution to compare with the height and normal force profiles be-
fore the degradation. The same experiment was also performed in 0.15 M phosphate
buffered saline (PBS).
D.3 Results
In the mixed buffer solution, as well as 0.15 M PBS solution, da quick drop of mag-
nitude in the repulsive force was observed (< 1 minute after addition of m-calpain),
which then remained constant with increasing incubation time, Figure D-3, suggesting
the completion of cleavage within 1 minute. The height of the end-attached aggrecan
layer was measured at applied normal force F - 3 nN in the mixed buffered solution
before, 1 minute and 60 minutes after adding m-calpain via contact mode AFM. A
more than 60% drop of aggrecan layer height was observed 1 minute after the addition
of m-calpain, and there is no significant change between 1 and 60 minutes of aggrecan
height, Figure D-4a, consistent with the HRFS force measurement. A homogeneous
degrade of aggrecan layer height was observed after 60 minutes of digestion along the
whole hexagonal pattern, Figure D-4b. Aggrecan compressive stiffness was observed
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Figure D-4: (a) Aggrecan layer height measured solution by an OH-SAM function-
alized probe tip (Rtip - 50 nm, k - 0.06 N/m) on the OH-SAM and aggrecan
micropatterned substrate measured at F - 3 nN applied normal force via contact
mode AFM, before and after the addition of 0.4 nM m-calpain in the mixed buffer.
(b) Height image of the micropatterned substrate, where end-attached aggrecan is
inside the hexagonal pattern and OH-SAM outside, measured before and 60 minutes
after the addition of 0.4 nM m-calpain in the mixed buffered solution (IS ~ 0.15 M,
pH - 7.5).
to degrade at different applied normal force in 0.001 M NaCl solution, Figure D-5a.
Interestingly, stronger repulsion force was still observed in 0.001 M NaCl solution
compared to the mixed buffer solution, IS - 0.1 M, Figure D-5b.
D.4 Discussion
After the depletion, aggrecan uncompressed layer height is - 40 nm at 0.001 M
IS, Figure D-5a, indicating that the aggrecan layer is not fully degraded. Based on
the known cleavage sites of m-calpain along aggrecan core protein, Figure D-la, the
cleavage could most likely occur within the CS domain (sites A) in this monolayer
configuration, possibly due to the steric effect that prevents the molecular contact of
m-calpain to other sites near the gold-coated substrate, Figure D-6. This hypothesis
is further supported by the observation that a larger repulsion force observed at 0.001
M than at 0.15 M IS, Figure D-5b, suggesting the presence of electrostatic repulsion,
hence GAG side chains, on aggrecan after the digestion. As aggrecan is attached
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Figure D-5: (a) Aggrecan layer height versus applied normal force by an OH-SAM
functionalized probe tip (Rti&p 50 nm, k - 0.06 N/m) on the OH-SAM and ag-
grecan micropatterned substrate measured via contact mode AFM in 0.001 M NaCl
aqueous solution (pH - 5.6) before and after the addition of 0.4 nM m-calpain. (b)
Comparison of force versus separation distance curves measured by the OH-SAM tip
via HRFS in both 0.001 M NaCl aqueous solution (pH - 5.6) and the mixed buffer
solution (IS - 0.15 M, pH - 7.5).
on the gold substrate via its N-terminal, in a similar fashion to its end-anchorage
on hyaluronan to form the proteoglycan aggregate in vivo, the > 60% reduction of
aggrecan layer height and repulsion force at near physiological IS (0.15 M, Figures
D-3,D-4) can contribute to the deterioration of cartilage mechanical properties during
aggrecan enzymatic digestion in vivo.
By comparing to the other systems conducting aggrecan enzymatic degradation,
a much quicker digestion by m-calpain was observed here. For example, in carti-
lage plugs, it takes 8 hours for - 50% aggrecan to degrade in cartilage plugs by
aggrecanase-1 (ADAMTS-4) [48]; in a 200 pL vial, digesion of aggrecan solution oc-
curs within less than 30 minutes by m-calpain [119]. The much quicker homogeneous
digestion (Figure D-4b) observed along the hexagonal end-attached aggrecan layer
could be due to smaller diffusion lengths using end-attached aggrecan layer compared
to the aggrecan solution or aggrecan entrapped in the collagen network in cartilage.
The decreased time for force/height is likely due to a diffusion-controlled reaction
mechanism. Ongoing studies using lower m-calpain concentration would facilitate to
understand the digestion kinetics in further details.
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Figure D-6: Schematic of the suggested m-calpain cleavage sites (sites A) along its
core protein backbone in this experimental system, where the access of sites B - D at
the bottom of the layer could be prevented by the steric effects.
D.5 Conclusions
The methodology presented in this study using microcontact printing in conjunction
with AFM allows for quantifying the kinetics of enzymatic degradation of nanome-
chanical properties of aggrecan. Aggrecan digestion by m-calpain occurs predomi-
nantly in the CS domain, and results in a more than 60% reduction of electrostatic
repulsion. The digestion of m-calpain is in a manner similar to that expected from
aggrecanase (ADAMTS-4,5). This method could hence be applied to other enzymes,
e.g. ADAMTS, matrix metalloproteinase (MMP) families, to probe the degradation
of aggrecan and its effect on tissue post-injury or with osteoarthritis.
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Appendix E
Ionic Strength Dependence of
Cartilage Nanoindentation
Properties
E.1 Introduction
Articular cartilage functions as the load bearing tissue between joints during motion.
The extracellular matrix of cartilage is mainly composed of water, solid type II colla-
gen network and the proteoglycasn motif. Aggrecan, the most abundant proteoglycan,
has a "bottle-brush" like architecture, with densely-packed highly negatively charged
glycosaminoglycan (GAG) side chains along its core protein backbone [65, 110]. The
electrostatic repulsion between GAG chains is known to contribute -, 50% of car-
tilage compressive tissue modulus [14, 37]. Besides, the aggrecan aggregate formed
via end-attachment of aggrecan on hyaluronan protects the type II collagen matrix
from mechanical overload [67] as well as enzymatic digestion [125]. In this study,
nanoindentation was performed on both untreated and PG digested cartilage disks
in NaCl aqueous solutions at different ionic strengths (IS) to study the electrostatic
contribution to cartilage nanoscale mechanical properties.
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E.2 Methods
Cartilage disks (9 mm diameter x - 0.5 mm thickness) were harvested from the
middle/deep zone of femoropatellar groove of 1 - 2 weeks old bovine calves by mi-
crotoming and maintained in 0.15 M sterile phosphate buffered saline (PBS, without
Mg 2+ , Ca2+). Proteoglycan-depleted cartilage disks were prepared by digestion in 1
mg/mL trypsin (0.15 M NaC1, 0.05 M Na3PO 4, pH - 7.2), and 0.1 U chondroiti-
nase ABC (0.15 M NaC1, 0.05 M Tris-HC1, pH - 8.0), each for 24 hours at 37°C,
which resulted in > 95% digestion of matrix proteoglycan. Nanoindentation was per-
formed on both untreated and PG-depleted disks by a colloidal probe tip (end-radius
Rtip - 2.5 ,um, nominal spring constant k - 0.58 N/m, BioForce Nanosciences, IA)
functionalized with a neutral hydroxyl-terminated self-assembled monolayer (OH-
SAM, HS(CH2)110H, 11-mecaptoudecanol, Aldrich, St. Louis, MO) [27] using a
Nanoscope IV Multimode atomic force microscope (AFM) with a PicoForce scan-
ner. The upper 75% of the indentation force curves were fit with the Hertz model to
calculate its effective stiffness [116],
4 E
F = E R1/2 (D - Df) 3/2. (E.1)3 (1 - 2)
E.3 Results and Discussion
Typical nonlinear indentation force curves were observed for both untreated and PG-
depleted cartilage disks in NaCl solutions, Figure E-la,E-2a, consistent with previous
studies on cartilage nanoindentation [143, 86]. A deterioration of cartilage stiffness
was observed on the nontreated disks as increasing IS, Figure E-lb. This is possibly
due to the screening of electrostatic repulsion along the GAG side chains, and con-
sistent with the previous observation on cartilage tissue mechanics [37] and aggrecan
compressive nanomechanics [27, 28]. The effective stiffness experienced a - 25% de-
crease when IS was increased from 0.001 to 0.1 M, and a further - 50% drop as IS
increased to 1.0 M. The less marked effect of IS on stiffness from 0.001 to 0.1 M could
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Figure E-1: (a) Force versus indentation depth on untreated cartilage disk in NaCl
aqueous solutions at 0.001 - 1.0 M IS using an OH-SAM functionalized colloidal tip
(Rip, - 2.5 ptm, k N 0.58 N/m), mean ± SEM of mean values at each indentation
position, n > 3 different positions, 10 repeated measurements at each position. (b)
Estimated effective stiffness at different IS using Eq.E.1 mean ± SEM, n > 3. There
is significant effect of IS on E (one-way ANOVA, p < 0.01).
be due to the dominance of electrostatic repulsion in this IS range. The GAG spacing
is - 2- 4 nm along the aggrecan backbone, and at 1.0 M IS, where Debye length K-1
is approximately 1 nm, hence, the electrostatic component plays an important role in
determining cartilage mechanics at 0.1 M and lower (0.001 M, K-1 - 10 nm) IS. At
1.0 M IS, K- 1 - 0.3 nm, the GAG-GAG electrostatic repulsion is almost completed
shielded by the mobile ions, and hence a more marked drop was observed on the
measured effective stiffness.
A significant effect was observed on the PG-depleted cartilage sample, Figure E-
2b. There is also a - 50% decrease of the mean value of the effective stiffness from
0.001 to 0.1 M IS. This drop could be due to the change of the type II collagen
conformation and structure as changing NaCl concentration, though the net charge
of the collagen matrix is approximately zero at the tested pH [99]. Possible collagen
degradation could also occur at higher IS in the absence of the PG content. This
hypothesis is further supported by the observation of collagen degradation at 1.0 M
IS, Figure E-3. Hence, at high salt concentration, the collagen fibrils could undergo
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Figure E-2: (a) Force versus indentation depth on PG-depleted cartilage disk in NaCl
aqueous solutions at 0.001 - 0.1 M IS using an OH-SAM functionalized colloidal tip
(Rti i 2.5 pm, k - 0.58 N/m), mean ± SEM of mean values at each indentation
position, n > 3 different positions, 10 repeated measurements at each position. (b)
Estimated effective stiffness at different IS using Eq.E.1 mean + SEM, n > 3. The
stiffness E at 0.001 M IS is significantl higher than that at 0.1 M IS (one-tailed
independent student's t-test, p < 0.05).
defibrillazation or degradation in the absence of the PG protection, and hence, leads
to the deterioration of the mechanical properties.
E.4 Conclusions
In this study, the ionic strength dependence of the nanoindentation behavior of un-
treated and PG-depleted cartilage was studied. Screening of electrostatics by increas-
ing IS leads to a decrease of the mechanical stiffness, consistent with previous reports
[37, 27, 28]. In the absence of PG content, the collagen network could undergo degra-
dation at higher IS, hence the mechanical properties also changes when changing IS.
This study further supports that the electrostatic repulsion along the PG motif is an
essential feature that affects the cartilage structural integrity as well as its mechanical
function.
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Figure E-3: Relative cantilever deflection (V) versus z-piezo position (pm) taken at
one indentation position on PG-depleted cartilage disk in 1.0 M NaCl solution, mean
+ SEM for 10 repeated measurements.
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Appendix F
Dynamic Oscillatory Experiment
Calibration
During each of the one-minute ramp-and-hold cartilage deformation,(the z-piezo dis-
placement (nm) and cantilever deflection (V) was captured as a function of time in
the "script mode" of Version 6.13 of the Nanoscope IV AFM software (Veeco, Santa
Barbara, CA). The cantilever deflection signal was then converted to the units of nm
by multiplying the deflection sensitivity (nm/V), measured by probing the probe tip
on a hard substrate, e.g. mica. In the range of applied frequencies, f = 1 - 1000 Hz,
the data acquisition frequency f, was set to be 1 kHz for f < 100 Hz, and 10 kHz for
f > 100 Hz. At each position, one ramp-and-hold experiment was performed for each
applied frequency and z-piezo displacement amplitude. Upon each sampling, approx-
imately ten cycles of the sinusoidal waves from each of the two time series data were
analyzed to quantify the amplitude and phase angle difference between them. The
starting point of the ten cycles was randomly picked in the steady-state time range,
35 seconds after loading and more than ten cycles before unloading. To eliminate
the error from external noise and random data picking, this sampling procedure was
repeated for 50 times for the control experiment on mica at each frequency.
Upon each sampling, both series were offset by their mean values, and least squares
nonlinear regression was first applied to the cantilever deflection data to fit the equa-
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Figure F-1: Illustration of the raw data of z-piezo and cantilever displacement as a
function of time upon one sampling along the time series of data at applied deforma-
tion frequency (a) f = 1 Hz, (b) f = 1000 Hz.
tion,
Co = Cao sin(27rft + 0o) (F.1)
where Co and t are the experimental data of cantilever deflection (nm) and time
(sec), frequency f, amplitude Cao and initial phase angle 0o are fitting parameters
(the subscript "0" indicates the fitting obtained from the control sample). The initial
values of fitting parameters, C,0 was set to be the maximum value of deflection, f
the frequency preset on the sinusoidal wave generator, and b0 the arcsin value of the
first deflection data point. The purpose of fitting frequency f, instead of using the
preset value, is because the actual data acquisition frequency is less than the nominal
value (- 0.8 - 0.9x nominal value). Hence, by setting the time data as 1/fa does not
represent the true time interval between each pair of adjacent data points along the
time series. It should be noted that the fitted value f does not represent the actual
deformation frequency, which should equal the preset value. After achieving the fitted
values f, Co and 0, nonlinear regression was applied to the z-piezo displacement data,
Zo = Zo sin(2r ft + q0) (F.2)
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Figure F-2: (a) Sampling of z-piezo displacement amplitude at different applied fre-
quencies at one position taken by an OH-SAM functionalized colloidal probe (R - 2.5
/im, k - 0.58 N/m) on mica substrate, where the z-piezo displacement amplitude was
estimated via the displacement amplitude of the cantilever. Each data point repre-
sents one sampling at a random position of the time series 35 seconds after loading.
(b) The mean values of z-piezo displacement amplitude (,- 2 - 4 nm) in panel (a) as
a function of applied frequency, where the SEM of mean is smaller than the size of
data.
where Zo and t are the experimental data of z-piezo displacement (nm) and time
(sec), the initial values of fitting parameters, amplitude Zo was the maximum value
of z-piezo displacement, and ¢0 the arcsin value of the first z-piezo data point, and
the frequency was fixed at f from previous fitting of the deflection data. The reason
to fix the frequency at f is because the frequency of z-piezo and cantilever displace-
ment equal each other, Figure F-la, and the z-piezo data is more noisy, especially
at higher frequencies, Figure F-lb. Introducing more fitting parameters could lead
to non-convergence of the fitting procedure, especially at higher frequencies. As this
procedure always result in reasonably good fit for data at frequencies up to 316 Hz
(R2 > 0.9 for both cantilever deflection and z-piezo displacement), only the sampling
and consequent fits with R 2 > 0.9 for the cantilever deflection and R2 > 0.5 for the
z-piezo displacement data was retained and counted in order to exclude the sampling
without a good fit due to large noises at 1000 Hz.
On the mica control sample, the amplitudes of z-piezo and cantilever equal each
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Figure F-3: (a) Sampling of the phase angles from z-piezo and cantilever displacement
at different applied frequencies at one position taken by an OH-SAM functionalized
colloidal probe tip (R - 2.5 um, k - 0.58 N/m) on mica substrate. Each data point
represents one sampling at a random position of the time series 35 seconds after
loading. (b) The estimated values of phase difference in panel (a) as a function of
applied frequency via least squares linear regression (LSLR), mean ±95% confidence
interval of mean.
other at lower frequencies (< 100 Hz), as the mica is elastic and can be regarded
as infinitely stiff compared to cartilage or the applied AFM cantilevers. At higher
frequencies (2 100 Hz), there are significant noises appearing on the z-piezo dis-
placement data, and smaller amplitudes were observed compared to the cantilever
deflection data, Figure F-lb. This error is introduced by the data acquisition process
of the z-piezo movement at high frequencies. In addition, there is significant phase
difference between the z-piezo and cantilever deflection measured on the mica sample,
possibly due to the data acquisition of cantilever and z-piezo movement. Hence, the
actual amplitudes of z-piezo displacement were calibrated as the amplitude of can-
tilever deflection C0, Figure F-2. The phase angle difference at each frequency was
calculated as the maximum likelihood estimator via least squares linear regression
along the 50 pairs of initial phase angles, ý and 0, Figure F-3. The small standard
error of mean values in Figure F-2b and F-3b suggested this repetition procedure of
sampling has eliminated the random errors by sampling at different time spots. As
the phase differences measured on the control sample, due to the data acquisition
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Figure F-4: (a) Sampling of phase lag of deformation to the applied force of un-
treated cartilage sample (thickness - 0.5 mm) at one position taken by an OH-SAM
functionalized colloidal probe (R - 2.5 pm, k - 0.58 N/m) at , 2 - 4 nm z-piezo
displacement amplitude. Each data point represents one sampling at a random posi-
tion of the time series 35 seconds after loanding. (b) The mean values of phase lag
of untreated cartilage in panel (a) as a function of applied frequency, mean ± SEM
of mean.
process and possibly hydrodynamic effects instead of the material properties of mica,
were corrected when analyzing the data on cartilage.
The same data analysis procedure was performed on the data obtained on cartilage
samples, except that the sampling procedure was repeated for 100 times for each
ramp-and-hold experiment. Upon each sampling, the same fitting procedure was also
performed,
C = Ca sin(27rft + 0) (F.3)
Z = Za sin(27rft + q) (F.4)
and two complex numbers could be formed based on the fitting after correction ob-
tained from the control experiment: the z-piezo amplitude was used as what obtained
in Eq. F.1 instead of Za, and the phase angle difference on control sample was cor-
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Figure F-5: (a) Sampling of effective stiffness of untreated cartilage sample (thickness
- 0.5 mm) at one position taken by an OH-SAM functionalized colloidal probe (R -
2.5 pm, k - 0.58 N/m) at - 2 - 4 nm z-piezo displacement amplitude via Hertz
model. Each data point represents one sampling at a random position of the time
series 35 seconds after loading. (b) The mean values of effective stiffness of untreated
cartilage in panel (a) as a function of applied frequency, mean ± SEM of mean.
rected,
C= Ca(cos' + i sine) (F.5)
Zc = Za[cos(q + 0o - 0o) + i sin(q + o0 - q0)] (F.6)
The corresponding complex numbers for cartilage sample deformation Dc and force
F, were calculated as,
DC = ZC - Cc (F.7)
Fc = Cc x k (F.8)
where k is the cantilever spring constant (nN/nm), hence, the phase lag was cal-
culated as the angle difference between these two complex numbers (Figure F-4),
and the modes of these two numbers were taken the magnitude of deformation and
force, respectively. Hertz model for oscillatory infinitesimal deformation was used to
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estimate the corresponding effective stiffness (Figure F-5).
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Appendix G
Nanomechanics of Cartilage on
Intact Murine Knee Joints
G.1 Introduction
Cartilage is the load bearing avascular connective tissue covering the bony ends of the
joints, and sustains a complex combination of tensile, compressive and shear loads
during joint motion [55]. Unfortunately, the repair capability of cartilage is poor, and
osteoarthritis (OA), the most common joint disease, causes irreversible degradation
of cartilage mechanical properties and tissue function [106]. The intrinsic biomechan-
ical properties of cartilage, and the effects of age, disease, diet and genetics have
been investigated using a variety of animal models [106, 153]. The mouse model has
received increased attention during the past decade because of the ability to modify
specific tissue development and functional properties using gene knock-out and related
gene-altering technologies [77]. Murine cartilage has been studied at the macroscopic
tissue level to quantify the effects of certain gene knockouts on biomechanical prop-
erties (e.g., via osmotic swelling behavior) [80, 166]. To our knowledge, there are no
published reports on measurement and quantification of micro- and nanoscale biome-
chanical properties of murine joint cartilage, which may provide important molecular
level insights concerning the consequences of specific disease processes. The main
challenge has been the relatively small cartilage tissue dimensions (,- 1 mm wide,
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Figure G-1: Illustration of mouse knee joint in tension and flexion (Courtesy 
of Dr.
A. Plaas).
, 100 pm thick). Hence, in this study, the nanomechanical properties of mouse carti-
lage and its mechanical function change upon tissue remodeling were 
quantified using
atomic force microscope (AFM)-based nanoindentation techniques.
G.2 Methods
C57B1/8 male 9-week old mice were divided into control and treatment 
groups. The
treatment group (n = 5) received injections of 250 ng TGF-/3 in 6 ,L BSA into right
knees on alternate days for a total of two injections. The controls (n = 3) received no
injections. Seven days after the injections, the mice were euthanatized and hind limbs
were harvested. The mouse knee joints were then dissected to separate other joint
tissues (tendon, ACL, etc.) from tibia and condyle articular cartilage in the presence
of protease inhibitors. The dissection protocol is to cut (1) the patella tendon near
the tibia tubercle, (2) collateral ligaments, (3) ACL and PCL, and (4) plantar flexor
muscles from the femur and semimembranosus (Figure G-1). Then we pull the femur
superiorly away from the tibia and cut other tissues that are attached.
Constant displacement rate-nanoindentation was performed on the both 
normal
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Figure G-2: Schematic of AFM-nanoindentation and ramp-and-hold stress relaxation
measurement on mouse lateral condyle knee cartilage using an OH-SAM functional-
ized colloidal probe tip (end-radius R1 i, - 2.5 pm, nominal spring constant k ' 0.58
N/m).
and TGF-3 treated mouse lateral condyle cartilage samples via a colloidal probe
tip (end-radius Rtip, 2.5 ym, nominal spring constant k - 0.58 N/m, displace-
ment rate - 1 pm/s) functionalized with a neutral hydroxyl self-assembled monolayer
(OH-SAM, 11l-mecaptoundecanol, HS(CH2)110H, Aldrich, St Louis, MO), Figure G-
2. Tests were done in the fully wet state (0.15 M phosphate buffered saline in the
presence of protease inhibitors to prevent enzymatic degradation of cartilage matrix
macromolecules). At least 10 different indentation locations were tested on each joint.
The Hertz model [84] was applied to calculate the effective indentation stiffness by
taking into account the geometrical factors in the indentation force range - 40 - 50
nN.
F = R1/2D3 /2. (G.1)
3 (1 - v 2)
The time-dependent behavior of the mouse cartilage was assessed by applying a
ramp-and-hold displacement to ' 0.2 pm deformation and subsequent measurement
of force relaxation as a function of time. Nanoscale dynamic oscillatory experiments
were performed by applying a sinusoidal strain to the tissue (via a function generator
connected to the AFM z-piezo), using an offset deformation - 200 nm and an in-
finitesimal displacement amplitude (- 4 nm) applied over a frequency range - 1-100
Hz. All the nanomechanical experiments were performed using a Nanoscope IV AFM
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Figure G-3: (a) Force-indentation depth profile on 5 normal murine cartilage samples
from 9 weeks old male mouse right knees (Cl - C5) using an OH-SAM functionalized
colloidal probe tip (Rtip 2.5 pm, k ~ 0.58 N/m), n > 10 different locations on
each joint was tested (mean + SEM), indentation was repeated for 10 times at each
location. (b) Estimated indentation stiffness using Hertz model [84] to taken into
account the geometrical factors in the indentation force range - 40 - 50 nN (mean
± SEM) and two-sample statistical t-test results.
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Figure G-4: (a) Force-indentation depth profile on 3 TGF-3 treated murine cartilage
samples from 9 weeks old male mouse right knees (B1 - B3) using an OH-SAM
functionalized colloidal probe tip (Rtip 2.5 pm, k - 0.58 N/m), n 2 10 different
locations on each joint was tested (mean ± SEM) indentation was repeated for 10
times at each location. (b) Estimated indentation stiffness using Hertz model [84] to
taken into account the geometrical factors in the indentation force range - 40 - 50
nN (mean ± SEM) and two-sample statistical t-test results.
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Figure G-5: Histology of right lateral condyles from 5 normal mice samples (Hema-
toxylin and Eosin stain), a more distinct interface between cartilage and subchondral
bone was apparent compared to C3, C4, C5, which showed bone to slightly invaginate
into the cartilage layers (highlighted by the white circles).
with a closed z-loop PicoForce scanner (Veeco, Santa Barbara, CA). The 3-element
stress-relaxation model was applied to assess the long-time relaxation behavior of the
mouse cartilage sample (> 1 second after loading), and the Hertz model for infinitesi-
mal dynamic deformation was applied to calculate the effective dynamic stiffness (for
detailed data analysis on oscillatory dynamic loading experiment, see Appendix F).
The ramp-and-hold stress relaxation and nanoscale oscillatory dynamic loading ex-
periments were performed on one indentation position of the normal mouse cartilage
sample C3, since the deflection signal was always interfered by noise that are larger
than the signal itself at other tested positions.
After AFM experiment, the samples were fixed in 10% buffered formalin overnight
at room temperature, dehydrated via a series of graded alcohols, then treated with
xylene, and infiltrated by paraffin. For histology, 5 mm cut sections were rehydrated,
then stained with Hematoxylin and Eosin.
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Figure G-6: Histological sections (Hematoxylin and Eosin stain) from lateral condyle
of 3 TGF-3 treated knee joints. Both cartilage and bone show markedly different
appearance compared to normal joints (Figure G-5), with cartilage degradation and
significant subchondral bone remodeling in treated samples.
G.3 Results and Discussion
Similar to nanomechanical properties of cartilage reported from other species [32,
143, 86], nonlinear indentation behavior was observed for murine cartilage here as well
(Figures G-3a, G-4a). Different nanoindentation responses and stiffness were observed
on different indented locations of one sample (Figure G-3b), and on different samples
(Figures G-3b, G-4b). Variations in the effective stiffness E measured at different
indentation locations could be attributed to the heterogeneity of the murine cartilage,
including thickness, proteoglycan content, as well as surface geometry. Within the
five tested normal cartilage samples, C1 and C2 showed higher stiffness than C3 - C5
(Figure G-3). Correspondingly, interdigitation of cartilage and its underlying bone
was observed for joints C3 - C5 via histology, but not for C1 and C2, Figure G-5. The
histology result suggests that cartilage samples C1 and C2 has developed markedly
more mature articular cartilage, corresponding to higher stiffness, while C3 - C5
were less developed, Figure G-3b. The mean stiffness of the three TGF-f3 treated
samples, ETGF-p = 1.8 ± 0.3 MPa, was significantly lower than the mean stiffness
of the 5 normal samples Enormal = 2.3 ± 0.3 MPa (mean ± SEM (standard error of
means), two-sample t-test p < 0.03). As the presence of TGF-f induces cartilage
tissue remodeling and reduces the cartilage tissue stiffness, different histology results
were observed for the normal and TGF-/3 treated cartilage samples, Figures G-5,G-6.
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Figure G-7: Stress-relaxation force versus time upon stress relaxation on one inden-
tation position of C3 mouse knee joint cartilage using an OH-SAM functionalized
colloidal probe tip (Rti, 2.5 pm, k - 0.58 N/m) and the fit using 3-element model
with one relaxation time constant by least squares nonlinear regression in the time
range > 1 second, where the stress relaxation time constant r = 14.6 + 2.3 s, and
equilibrium modulus is 0.75 + 0.09 MPa.
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Figure G-8: Estimated (a) dynamic stiffness E and (b) phase lag of deformation
to the applied force, on one indentation position of C3 mouse knee joint cartilage
measured via OH-SAM functionalized colloidal probe tip (Rip, - 2.5 pm, k - 0.58
N/m) as a function of frequency (1 - 100 Hz) at - 1 nm deformation amplitude,
estimated via Hertz model [84], mean ± SEM for 3 repeated measurements.
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Force-relaxation tests showed an average characteristic relaxation time constant
7 = 14.6 ± 2.3 s for n > 10 measurements on the same joint C3, and an equilibrium
modulus of 0.75 ± 0.09 MPa, Figure G-7. Dynamic nanomechanical data showed
that the dynamic stiffness estimated under the infinitesimal deformation (1l nm)
using the Hertz model was - 0.8 MPa in the tested frequency range of 1 - 100
Hz, for the same mouse joint (C3), Figure G-8. The deformation frequency has
significant effect on both the dynamic stiffness (Figure G-8a) and phase lag (Figure G-
8b) between applied displacement and measured force, as tested by one-way analysis
of variance (ANOVA). The time-dependence could be due to combined effects of poro-
and viscoelasticity: local pressure gradients and the fluid flow through the collagen-
proteoglycan ECM under the tip can lead to poroelastic deformation [108], while
intrinsic viscoelasticity of the solid matrix may also be important [97]. The frequency
dependent behavior observed during nanoscale oscillatory experiments suggests the
existence of time-dependent poro/viscoelastic behavior even under the infinitesimal
deformation conditions, as manifested by the increase in phase angle.
A significantly quicker stress-relaxation time constant was observed for the murine
cartilage, comparing to the calf knee joint cartilage measured (T = 22.1 ± 0.9 s,
Chapter 6). The measured dynamic stiffness is markedly higher than that of the
bovine cartilage, with smaller phase lag, under the same experimental conditions
(Chapter 6). In addition, the frequency dependences of E and phase lag are both less
significant than that of the bovine cartilage, suggesting the elastic component is more
dominant for the murine cartilage deformation mechanism. These species difference
may be due to the different stress that the knee joint sustains in murine and bovine
cartilage.
G.4 Conclusions
The methodology presented in this study suggests a suitable way to quantify and
compare the nanomechanical properties of normal and diseased or biologically (e.g.,
genetically) modified mouse cartilage. Ongoing studies are to compare normal murine
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cartilage to that from TGF-3-stimulated remodeling and inflammation, as well as
matrix-specific knock-outs to explore specific molecular pathways associated with
osteoarthritis-like disease.
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Appendix H
Experimental Protocols
H.1 Thiol-functionalization of Aggrecan
1. Dissolve - 6 mg of dithiobis(sulfosuccinimidyl propionate) (DTSSP) in 0.5 mL
deionized (DI) water, and - 3 mg of dithiothreitol (DTT) in 1 mL DI water.
2. Add , 100 gL of DTSSP solution into 1 mL of 2 mg/mL aggrecan aqueous
solution, and incubate for 1 hour, allowing the > 100x excess DTSSP to react
with aggrecan and form disulfide bonds at the N-terminal of aggrecan core
protein.
3. Add - 150 - 200 jiL of DTT solution, and incubate for 1 hour, allowing the
> 100x excess DTT to reduce the disulfide bonds to thiol bonds.
4. Suspend the solution in a molecular filter with 10,000 molecular weight cut, and
dilute the total volume to - 2 mL using DI water, and spin at 3,500 - 4, 000
rpm for 5 - 6 hours to separate the aggrecan from other reactants.
5. Flip the filter and spin at the same speed for 30 minutes, hence allow aggrecan
to aggregate at the bottom of the vile.
6. Dilute the aggrecan concentration to 1 mg/mL, store the solution in -80 0 C
freezer.
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H.2 Preparation of Micropatterned Aggrecan End-
attached Substrate
1. Prepare a poly(dimethylsiloxane) (PDMS) stamp with - 10 pm sized patterns,
for example, hexagonal holes with 10 jpm side length.
2. Immerse the stamp in 3 mM 11-mecaptoundecanol (HS(CH 2)110H, OH-SAM)
ethanol solution for at least 30 minutes, with the patterned side facing up.
3. Clean 1 cm x 1 cm gold-coated silicon substrate with fresh Piranha solution
(volume ratio 3:1 mixture of 98% H2 SO4 and 30% H20 2, prepared by slowly
adding 6 mL 98% H2S0 4 to 2 mL 30% H2 0 2 ) for 15 - 20 minutes.
4. Taken the stamp out of the OH-SAM solution, and dried it on a filter paper in
air for - 1 minute, with the patterned side facing up.
5. Thoroughly rinse the cleaned gold-coated substrate with DI water, and blow it
dry with the nitrogen gun.
6. Bring the patterned side of PDMS stamp in contact with the cleaned substrate
for 0.5 - 2 minutes, allowing the formation of thiol-gold bonds between gold
and the OH-SAM in the region outside the hexagonal patterns.
7. Thoroughly rinse the substrate with ethanol, and dried with the nitrogen gun.
Can also check the formation of the SAM layer via DI water to see the change
of surface hydrophobicity.
8. Drop 50 pL 1 mg/mL thiol-functionalized aggrecan aqueous solution on the
substrate, allowing the interaction for - 48 hours in a half-airtight chamber.
9. Thoroughly rinse the substrate with DI water to remove unreacted aggrecan, the
region inside the hexagonal patterns should be filled with end-attached aggrecan
macromolecules.
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H.3 Aggrecan Nanomechanics Experiment - Com-
pression, Shear and Self-Adhesion
1. Setup the Nanoscope IV AFM with the PicoForce piezo, mount the probe tip
on the glass fluid tip holder, drop - 30 pL solution (for example, 0.001 M NaC1)
on island mounted with the tip.
2. Drop - 100 pL solution on the aggrecan substrate, bring the probe tip close to
the substrate.
3. Wait for the system to equilibrate, usually 5 - 10 min in air and 15 - 20 min
in fluid.
4. Maximize the sum signal (- 6 - 7 V), adjust the vertical deflection to - -3 V,
horizontal deflection - 0 V.
5. In the "Other" panel, set "microscope mode" to "contact". In the "Scan" panel,
set the "scan angle" to 90',
6. In the "Scan" panel, set "scan size" to 30 pm, "samples/line" to 256 or 512,
"lines" to the same value, "aspect ratio" to 1.00, "slow-scan axis" to "enabled",
"deflection setpoint" to 0.5 - 1 V higher than the vertical baseline, and engage
the system to obtain height/lateral force images. In addition, set "integral gain"
and "proportional gain" to - 0.3,
7. In the "Channel" panels, set the three imaging channels to be height, friction
(trace) and friction (retrace), respectively. Importantly, make sure the option
"offline planefit" is set to "none".
8. Find a position with a full hexagon in the middle of the scanning region, and
capture the images.
9. Readjust the vertical deflection to , -3 V and horizontal deflection to - 0 V in
case of significant drift of these signals, set "samples/line" to 256, "lines" to 8,
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and aspect ratio to 32.0, and "deflection setpoint" to be - 0.3 V less than the
vertical deflection (there is a - 0.5 V difference between the actual and preset
deflection setpoint). Record the exact value of vertical deflection and engage
the system.
10. Adjust the setpoint value so the probe tip just barely engaged with the sub-
strate, and increase the gains to allow more precise measurement of the height
profile. Capture the image.
11. Increase the setpoint values at a constant increment (e.g., 0.5 V), decrease the
gains as increasing the setpoint, capture the images at each of the setpoint
values.
12. Stop imaging upon full compression/interpenetration of the aggrecan layer (height
- 0) for the nanosized probe tip, or at - 7 - 8 V of the setpoint values for the
colloidal probe tip, record the exact value of the vertical baseline values imme-
diately after disengaging the system.
13. Switch to "PicoForce" Mode for the force versus separation distance measure-
ment.
14. In the "Force" panel, set the "ramp size" to 2 pm, "trigger threshold" to - 400
nm, "trigger mode" to "relative" and "scan rate" to the frequency corresponding
to 1 pm/s tip velocity (0.25 Hz for 2 pm ramp), "surface delay" to 0 sec, and
"number of samples" to 512. The three channels are set to Z sensor versus
Time, Deflection versus Time and Deflection versus Z. Click "single" to proceed
a single indentation, capture the force versus distance curve.
15. Set the "scan rate" to other values (e.g., 2.5 Hz for 10 pm/s, 0.025 Hz for 100
nm/s) to capture the curves at different displacement rates.
16. To measure the self-adhesion, set "surface delay" to 1 - 30 sec, and capture the
force versus distance curves.
17. Repeat the experiment at more then 3 different positions.
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18. Thoroughly rinse the substrate and tip holder with the new solution to switch
solution, and repeat the procedure.
19. Calibrate the deflection sensitivity by probing the tip on a hard surface, and cal-
culating the slope in the constant compliance region. Then determine the nor-
mal spring constant by switching to "Thermal Tune" mode and using the ther-
mal vibration method available for Nanoscope IV MultiMode AFM or Molecular
Force Probe (MFP).
20. Normal force versus height, lateral force signal versus height curves can be
extracted from the series of captured height/lateral signal images via MatLab.
H.4 Measurement of Aggrecan Packing Density
1. Boil the aggrecan-functionalized substrate in 2 mL DI water for - 20 minutes,
until there is r- 200 pL of solution left.
2. Freeze the residual solution in -80'C freezer and then lyophilize it.
3. Resuspend the residues after lyophilization with .d 50 IiL DI water, and then
use dimethylmethylene blue (DMMB) dye assay to measure the amount of GAG
(hence aggrecan).
H.5 Lateral Force Calibration
1. Load the calibration sample and AFM tip into the system, adjust the laser
position on the cantilever to reach the maximum sum (- 6 - 7 V), and zero
both vertical and horizontal deflections.
2. Wait for the system to equilibrate, usually 5 - 10 min in air and 15 - 20 min
in fluid.
3. In the "Other" panel, set "microscope mode" to "contact". In the "Scan" panel,
set the "scan angle" to 900,
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4. In the "Scan" panel, set "scan size" to 30 pm, "samples/line" to 256 or 512,
"lines" to the same value, "aspect ratio" to 1.00, "slow-scan axis" to "enabled",
"deflection setpoint" to 0.5 - 1 V higher than the vertical baseline, and engage
the system to obtain height/lateral force images. In addition, set "integral gain"
and "proportional gain" to - 0.3,
5. Engage the tip and switch to force mode to do a normal force curve measure-
ment. Determine the deflection sensitivity from the constant compliance slope
and determine the normal spring constant by Thermal Tune (Nanoscope IV and
MFP, you cannot determine the normal spring constant on Nanoscope IIIA).
6. Back to the image mode, and set the image offset to the edge of the flat region
and sloped region. Change number of lines to 8 or 16.
7. Disengage and re-zero deflection signals, engage again and slowly decrease the
setpoint to disengage, slowly increase setpoint to engage again, the normal
setpoint is the point of - zero normal force, or initial baseline. Capture the
image.
8. Increase the setpoint by a given amount (0.5 V or 1 V) and capture one image
each time.
9. After capture 10 images, disengage and record the vertical deflection baseline
signal as the final baseline.
10. Repeat the procedure for 2 or 3 times at different locations.
11. For the colloidal probe tip, first let the probe tip scan on a flat mica sample
at a series of normal force, and then switch to a tilted mica sample (a - 200),
and scan at the top of the tilted region (to avoid the contact of the base of the
cantilever to the mica during scanning) at the same normal forces, record the
lateral signals in both cases.
12. Calculate the lateral deflection sensitivity a flowing the mathematical procedure,
as described in Appendix B.
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H.6 Cartilage Proteoglycan Digestion
1. Incubate the Cartilage disk (0.9 mm in diameter, -, 0.5 mm thick) cartilage
disk incubated in trypsin (1 mg/mL) in 0.15 M NaC1, 0.05 M Na phosphate
(sterile), pH = 7.2 for 24 hrs.
2. Thoroughly rinse the sample with 0.15 M NaC1 and 0.05 M Tris-HC1 solution,
pH = 8.0 (sterile), and incubate in 0.1 U/mL chondroitinase-ABC in 0.15 M
NaCi, 0.05 M Tris-HC1, pH = 8.0 for 24 hours.
3. More than 95% of proteoglycan should be digested via these two enzymes, as
confirmed by dimethylmethylene blue dye assay.
H.7 Aggrecan Nanomechanics upon Enzymatic Di-
gestion (m-Calpain)
1. Setup the Nanoscope IV AFM with the PicoForce piezo using a nanosized pyra-
midal tip, mount the probe tip on the glass fluid tip holder, drop - 30 ~IL 0.001
M NaC1 solution on island mounted with the tip.
2. Add - 100 pL solution on the aggrecan substrate, bring the probe tip close to
the substrate.
3. Wait for the system to equilibrate, usually 5 - 10 min in air and 15 - 20 min
in fluid.
4. Maximize the sum signal (- 6 - 7 V), adjust the vertical deflection to , -3 V,
horizontal deflection - 0 V.
5. In the "Other" panel, set "microscope mode" to "contact".
6. In the "Scan" panel, set "scan size" to 30 pm, "samples/line" to 256 or 512,
"lines" to the same value, "aspect ratio" to 1.00, "slow-scan axis" to "enabled",
"deflection setpoint" to 0.5 - 1 V higher than the vertical baseline, and engage
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the system to obtain height/lateral force images. In addition, set "integral gain"
and "proportional gain" to - 0.3,
7. In the "Channel" panels, set at least one image channel to "height".
8. Find a position with a full hexagon in the middle of the scanning region, and
capture the images.
9. Readjust the vertical deflection to - -3 V and horizontal deflection to - 0 V in
case of significant drift of these signals, set "samples/line" to 256, "lines" to 8,
and aspect ratio to 32.0, and "deflection setpoint" to be - 0.3 V less than the
vertical deflection (there is a - 0.5 V difference between the actual and preset
deflection setpoint). Record the exact value of vertical deflection and engage
the system.
10. Adjust the setpoint value so the probe tip just barely engaged with the sub-
strate, and increase the gains to allow more precise measurement of the height
profile. Capture the image.
11. Increase the setpoint values at a constant increment (e.g., 0.5 V), decrease the
gains as increasing the setpoint, capture the images at each of the setpoint
values.
12. Stop imaging upon full compression/interpenetration of the aggrecan layer (height
- 0), record the exact value of the vertical baseline values.
13. Switch to PicoForce Mode for the force versus separation distance measurement.
14. In the "Force" panel, set the "ramp size" to 2 pum, "trigger threshold" to - 400
nm, "trigger mode" to "relative" and "scan rate" to the frequency corresponding
to 1 tim/s tip velocity (0.25 Hz for 2 pUm ramp), "surface delay" to 0 sec, and
"number of samples" to 512. The three channels are set to Z sensor versus
Time, Deflection versus Time and Deflection versus Z. Click "single" to proceed
a single indentation, capture the force versus distance curve.
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15. Switch the solution to the mixed buffer solution without m-calpain without
moving the substrate by using filtering paper to absorb the old solution, and
fill with the new solution for 3 times. Repeat the experiments for height versus
normal force and force verus separation distance measurements. Leave the
system in the force mode without disengaging the system.
16. Switch to the mixed buffer solution with 0.4 nM m-calpain, and record the
change of force versus separation distance profile from 1 - 60 minutes after the
addition of m-calpain.
17. After 60 minutes of digestion by m-calpain, repeat the height versus applied
normal force measurements.
18. Switch back to 0.001 M NaCl solution, repeat the height versus normal force
and force versus separation distance measurements.
19. The deflection sensitivity was calibrated by probing the tip on a hard surface,
and calculating the slope in the constant compliance region. The spring constant
was then calibrated using the thermal vibration method, known the deflection
sensitivity.
20. Height versus normal force and force versus separation distance data can be
extracted and analyzed via MatLab.
H.8 Cartilage Time-Dependent Nanomechanics
1. Mount the cartilage disk on the magnetic sample holder using crazy glue, drop
- 100 pL solution (for example, PBS) on the sample.
2. Setup the Nanoscope IV AFM with the PicoForce piezo, mount the probe tip
on the glass fluid tip holder, drop - 30 pL PBS on the island mounted with
the tip.
3. Wait 15 - 20 min for the system to equilibrate.
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4. In the "Other" panel, set "microscope mode" to "contact".
5. In the "Scan" panel, set "scan size" to 5 pm, "samples/line" to 256 or 512,
"lines" to the same value, "aspect ratio" to 1.00, "slow-scan axis" to "enabled",
"deflection setpoint" to 0.5 - 1 V higher than the vertical baseline, and engage
the system to obtain height/lateral force images. In addition, set "integral gain"
and "proportional gain" to , 0.3,
6. Find a relative flat position, where the height variation is less than 1 pm over
the 5 pm scan, and switch to "PicoForce" Mode.
7. In the "Force" panel, set the "ramp size" to 2 pm (2.5 pm for the PG-depleted
cartilage using a microsized probe tip), "trigger threshold" to 150 nm, "trigger
mode" to "relative" and "scan rate" to the frequency corresponding to 1 pm/s
tip velocity (0.25 Hz for 2 pm ramp), "surface delay" to 0 sec, and "number
of samples" to 512. The three channels are set to Z sensor versus Time, De-
flection versus Time and Deflection versus Z. Click "single" to proceed a single
indentation, capture the indentation curve.
8. Repeat the procedure for 10 times at the same indentation location, and change
the "scan rate" to perform the indentation at 10 pm/s and 100 nm/s.
9. Switch to "Script" panel, set two consecutive ramp segments, 1. delta = 0,
delay = 3 sec; 2. delta = 2 pm, delay = 60 sec, ramp velocity = 1 pm/s. In
the "Mode" list under "Force Mode" panel, set "strip chart rate" to 1,000 Hz
and "strip chart size" to 100 s.
10. For ramp-and-hold stress relaxation experiment, perform one indentation (with-
out capture) at 2 pm ramp size and immediately click "run" in the script mode
after the indentation, capture the curve after the 60 seconds ramp delay.
11. For the dynamic loading, connect the external sinusoidal electronic wave gener-
ator to the "user input/output" plug-in on the PicoForce controller, and switch
to user input.
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12. To obtain the data at a given frequency and amplitude (for example, 1 Hz and
,, 4 nm z-piezo displacement amplitude), set the attenuation to 40 - 20 - 10 and
frequency to 1Hz, and turn on the wave generator after 10 - 15 seconds upon
loading of the probe tip on the substrate. The data 30 - 35 seconds after loading
(- 20 seconds after the turn-on of dynamic deformation) could be analyzed as
the steady-state deformation.
13. Repeat the procedure for different frequency and amplitudes, the attenuation is
set to (1) 4 nm displacement amplitude: 40 - 20 - 10 for 1 - 100 Hz, 40 - 10 - 8
for 316 Hz, 40 for 1,000 Hz; (2) 20 nm amplitude: 40 - 10 - 4 - 1 for 1 - 100
Hz, 20 - 8 for 1000 Hz; (3) 40 for 1 - 100 Hz. The "strip chart rate" is set to
10,000 Hz for the dynamic deformation frequency > 100 Hz.
14. The captured data was analyzed in MatLab, make sure to multiply 8 for the
exported cantilever deformation data and 2 for the z-piezo displacement data if
using the Nanoscope software version 6.13 or older.
15. The control experiment can be performed on mica sample following the same
procedure, except that the ramp size is set to 1 um. Then follow the procedure
described in Appendix F to complete the calibration.
H.9 Nanoindentation on Mouse Cartilage
1. Dissect the mouse knee joint in the presence of protease inhibitors.
2. Mount the mouse knee joint on the magnetic disc using crazy glue, with the
lateral and medial condyles facing up, and medial condyle closer to the person
who is operating the system. Drop - 100 /pL of the PBS in the presence of
protease inhibitors.
3. Setup the Nanoscope IV AFM with the PicoForce piezo, mount the probe tip
on the glass fluid tip holder, drop - 30 ItL PBS on the island mounted with
the tip.
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4. Wait 15 - 20 min for the system to equilibrate.
5. Maximize the sum signal (n 6 - 7 V), adjust the vertical deflection to - -3 V,
horizontal deflection - 0 V.
6. In the "Other" panel, set "microscope mode" to "contact".
7. In the "Scan" panel, set "scan size" to 5 pm, "samples/line" to 256 or 512,
"lines" to the same value, "aspect ratio" to 1.00, "slow-scan axis" to "enabled",
"deflection setpoint" to 0.5 - 1 V higher than the vertical baseline, and engage
the system to obtain height/lateral force images. In addition, set "integral gain"
and "proportional gain" to - 0.3,
8. Find the top of the lateral condyle, where the geometry is relatively flat, and
switch to "PicoForce" mode.
9. In the "Force" panel, set the "ramp size" to 2 pm (2.5 pm for the PG-depleted
cartilage using a microsized probe tip), "trigger threshold" to 150 nm, "trigger
mode" to "relative" and "scan rate" to the frequency corresponding to 1 pm/s
tip velocity (0.25 Hz for 2 pm ramp), "surface delay" to 0 sec, and "number
of samples" to 512. The three channels are set to Z sensor versus Time, De-
flection versus Time and Deflection versus Z. Click "single" to proceed a single
indentation, capture the indentation curve.
10. Repeat the procedure for 10 times at the same indentation location, and change
the "scan rate" to perform the indentation at 10 pm/s and 100 nm/s.
11. Repeat the measurement for at least 10 different indentation locations on the
mouse knee lateral condyle.
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